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ABSTRA.CT 
The rate of sorption of hydrogen chloride "by soft white winter 
wheat flour from a gaseous mixture of hydrogen chloride and nitrogen 
was determined under various process conditions. Experimental 
measurements were carried out in a controlled environment with a 
dynamic microhalance technique. Due to the inherent complexity of 
the three component system (hydrogen chloride - flour - moisture), 
most of the determinations were undertaken at a temperature near 
the freezing point and at a total pressure of 1 atm. ; although 
some were determined at room temperature. The apparent rate of 
sorption was affected by the principal parameters, such as partial 
pressure, temperature, flour moisture content, sample depth and 
gas flow rate inside the balance enclosure. Equilibrium sorption 
isotherms were recorded for the flour with a set of different 
o 
moisture levels at 34 P. A limited number of measurements on 
ammonia sorption rates by wheat flour and acid-modified flour, 
respectively, were also collected in a similar manner. 
To simulate the sorption process taking place in a shallow 
fixed-bed, a mathematical model was formulated under several 
simplifying assumptions. The overall transport of material was 
assumed to consist of simultaneous diffusion through the bed and 
sorption on the flour particles. Instantaneous sorption of hydrogen 
chloride by wheat flour was postulated as well as isothermal 
conditions and axial symmetry. The macroscopic mass balance 
Y 
incorporating a nonlinear sorption isotherm resulted in a non-linear 
partial differential equation of the parabolic type. Using the 
predictor-corrector method, the equation with the appropriate 
"boundary conditions was numerically solved to yield an approximate 
solution. The calculation was performed on a digital computer. 
The effect of void fraction, effective diffusivity, type of non­
linear isotherm and boundary conditions on computed values were 
considered. In general, the agreement between the experimental 
and computed sorption curves was good. 
A general tendency was observed that the apparent sorption 
rate increases as the flour moisture content and hydrogen chloride 
partial pressure increase. From the analysis, it appears that 
local equilibrium exists between the free and immobilized sorbate 
at the gas-solid interface in this particular sorption process. 
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INTRODUCTION 
Recently, a process which involves the sorption of gaseous 
hydrogen chloride to facilitate the acid modification of moisture 
laden wheat flour and the subsequent neutralization of the acid-
modified product with anhydrous ammonia gas was proposed to produce 
a tub-sizing agent for paper (60, 61, 62). This process appears 
to differ from an ordinary catalytic fluid-solid reaction, because 
flour, a solid, and the contained moisture are the reactants in a 
hydrolysis reaction, and sorbed hydrogen chloride serves as a 
catalyst which dissociates to form hydronium ions with water. 
Needless to say, no hydrolysis could take place without the presence 
of moisture in the flour particles. Hence, it may be postulated 
that this process depends upon the amount of hydrogen chloride, 
transferred to the moisture to form some sort of aqueous acid 
solution within the flour. 
In attempting to develop this promising operation further, a 
series of investigations (96) was undertaken to determine the 
important process characteristics so as to provide engineering 
data for the design of a commercial plant. It was of prime 
interest in this study to know how fast the reagent is sorbed by 
flour particles under various physical conditions since the economy 
of many chemical operations is frequently determined by the rates 
of transport processes. 
One common area of interest in fluid-solid systems is the rate 
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of interphase transport of material from the source to the sink, 
that is the kinematics of motion. One step in the transport process 
is the diffusion from the source in the bulk of the gaseous phase, 
under the influence of a partial pressure or concentration gradient, 
to the interface. At the interface discontinuities are usually 
present. There is a steady drop in concentration across the solid 
phase "because of diffusion within the solids. 
At this stage, it seems pertinent to classify the differences 
among some of the terms which are used to express the transfer of 
material between two or more phases. The term absorption refers to 
the mass-transfer operation which involves the transfer of a gas 
into a liquid absorbent; while the term dissolution, which is 
often used rather vaguely to represent the transfer of mass from 
any type of phase into a liquid, refers more accurately to the 
dispersion of a solid into a liquid. In addition, the transfer of 
mass from either a gas or a liquid to the surface of a solid is 
termed as adsorption. The opposite of absorption and adsorption 
is designated as desorption. It was thought that the general term 
'sorption' should be used to include both adsorption at the solid 
surface and absorption (solution) in solids or in the moisture 
which is present in the particular system under investigation. 
Henceforth, the total sorbed weight will be regarded as the amount 
of sorbate (gas) taken up by the sorbent (moisture laden flour). 
The primary objective of the present investigation was to study 
the hydrogen chloride sorption characteristics of soft white winter 
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wheat flour with special attention being given to the sorption 
kinetics, in this investigation the problem of measuring the 
sorption rate was complicated "by the moisture in the flour. 
Because of this challenging fact, a great deal of thou^ t and 
planning had to be given to the development of a simple and 
economical technique for making experimental measurements. 
Eventually, a combination of the conventional gravimetric and 
dynamic methods of experimental measurement was adapted to this 
study thou^  the experimental difficulties were not eliminated 
entirely. 
Data for determining the sorption kinetics vas obtained by 
measuring the overall gain or loss in weight of a sample of flour 
contained in a shallow pan suspended from a quartz helix microbalance. 
The work included the determination of the effects of several 
variables, such as the partial pressure of the sorbate, temperature, 
flour moisture content, sample depth, and gas flow rate inside the 
balance enclosure, upon the apparent rates of sorption. Some 
attention was also given to the sorption of ammonia by wheat flour 
and acid-modified flour. 
In addition to the measurement of the overall sorption rate, 
the apparent equilibrium data for the hydrogen chloride-flour-
water system were collected to provide sorption isotherms at 34° F. 
Several types of sorption isotherm equations which have been 
developed experimentally or theoretically were tested to find the 
best correlation for the data of this particular system. 
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3h order to provide further insist into the sorption process 
and to assist in analyzing the results, a mathematical model was 
developed to represent the experimental system. In developing this 
model it was assumed that the controlling resistance to mass transfer 
would he the resistance to diffusion through the layers of flour in 
the balance pan. Consequently at the surface of each particle the 
gas and solid should be in equilibrium. Furthermore, it was 
postulated that only hydrogen chloride would be transported and 
that the system would behave isothermally. A partial differential 
equation representing the mass balance across a differential layer 
of flour at any given instant in time was developed and this was 
combined with an equation representing the equilibrium sorption 
isotherm. The resulting expression with the appropriate initial 
and boundary conditions constituted a mathematical representation 
of the system. This mathematical system was integrated with a 
digital computer and the results were compared with the experimental 
data obtained. 
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LITEBATURE EEVIEW 
In this review; particular attention is devoted to sorption 
studies involving wheat flour and experimental techniques for 
measuring the sorption of gases. Some general information 
concerning the mechanism of sorption of gases and vapors by solids 
is also included. A review of previous work on the mathematical 
development and analysis of systems involving simultaneous 
diffusion and either sorption or reaction is deferred to a later 
section. 
General Theories of Sorption 
When a solid is exposed and surrounded by a gas or vapor, there 
is a boundary layer which exists at the interface between the two 
phases. For the exploration of the true mechanism of mass transfer 
through this layer; a number of hypotheses have been proposed. The 
earlier postulates included the film theory, the penetration theory 
and the surface renewal theory. Recently a film-penetration model 
has been developed to generalize the film and penetration theories. 
Molecules, after being transported by molecular diffusion 
through the boundary layer, are sorbed at the solid surface. Two 
main types of adsorption may occur, due to different forces of 
attraction existing between the two different phases. These forces 
depend on the complex physical structure of the solid as well as 
on the chemical nature of both gas and solid. One type, called 
physical adsorption or van der Waals adsorption, has a relatively 
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weak interaction and small energy requirements and is completely 
reversible. The other type is chemisorption or activated adsorption. 
It has a strong interaction of a chemical nature and a considerable 
energy requirement and is, in most cases, not completely reversible. 
In other words, the heat released upon physical adsorption is 
of the same order of magnitude as heats of condensation of the 
adsorbatej while chemical adsorption requires a certain activation 
energy and the heat of chemisorption is many times greater than 
the heat of normal condensation and corresponds to that of a 
chemical reaction. Consequently, the amount adsorbed increases 
significantly as the temperature is raised for chemical adsorption 
but decreases sharply for physical adsox^ tion. There are some 
other distinguishing characteristics between physical adsorption 
and chemisorption (35). Adsorption at low partial pressures is 
unfavorable to physical adsorption but on the contrary it may be 
favorable to chemisorption. The entire surface, both externally 
and internally, of the adsorbent (usually solid), is available for 
physical adsorption; while chemisorption is limited to active sites 
on the surface only. Because of this, surface coverage is complete 
and extendible to multilayers for the former, and incomplete and 
limited to a monomolecular layer for the latter. 
Aside from the differences mentioned above, the comparisons 
on the rate of adsorption are our major concern. Since higher 
activation energy is required, chemical adsorption has a negligible 
rate at low temperatures. In some cases, the fast initial physical 
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adsorption is followed by a slow sorption process that may be due 
to chemisorption; that is once the higher energy forces have been 
satisfied by the latter mechanism. 
For a given system the equilibrium adsorption data may be 
expressed as : 
f ( ¥|; PJ, T ) = 0 
A plot of the amount adsorbed versus pressure at constant temper­
ature is called an "adsorption isotherm". When pressure is constant 
and the temperature varies, the plot is an "adsoz^ 'tion isobar". 
03ie plot of the variation of equilibrium, pressure with respect to 
temperature at a constant amount of gas adsorbed is an "adsorption 
isostere". These are most often obtained as cross-plots of isobars 
or isotherms since isosteres are not readily measured experimentally. 
Among these methods of graphical representation of equilibrium 
adsorption data, the adsorption isotherms represent the most 
generally useful plot in adsorption studies. Adsorption behavior 
as illustrated by the isotherm plot was classified by Brunauer (l2) 
into five general types. In some isotherm plots, the adsorption 
and desorption curves frequently do not coincide—a phenomena 
termed "hysteresis". 
A great amount of theoretical work has been carried out in 
the field of adsorption (l2, 28, 29, 34, 44, 45, 64, 66, 68, 70, 
86, 97). Adsorption has been explained on the basis of the 
monolayer (or monomolecular), multilayer, capillary condensation. 
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potential, polarization, statistical and thermodynamic theories. 
Most of the attempts to formulate equations for interpolating and 
extrapolating available experimental data and understanding clearly 
the behavior of adsorption have been done on the basis of some 
predetermined theoretical models for specific systems and conditions 
of adsorption. Therefore, there is no unified theory or general 
equation suitable for all types of adsorption isotherms. 
From an engineering viewpoint, adsorption of more than one 
component in industrial processes such as catalysis and gas 
separation is probably far more important than single component 
adsorption. A discussion and development of the theoretical 
aspects of mixed adsorption can be found in a great many 
references. 
The theory of gas absorption has been well established and 
unified in comparison with that of adsorption. For this mass 
transfer operation, the partial pressure of the solute in the gas 
phase which is in equilibrium with a certain liquid-phase 
concentration is expressed as a function of that concentration. 
Henry's law and Raoult's law are the two most familiar expressions 
which are used for predicting vapor-liquid equilibria in gas 
absorption. The amount of gas sorbed by some moisture laden solids 
was observed to obey Henry's law for a given moisture level by 
Nakayama ( 73). 
Barrer (?) presented a detailed discussion and review of the 
subject of diffusion in and through solids. It is well recognized 
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that diffusion inside a solid particle can include a variety of 
transport processes. Many investigators observed that after being 
physically sorted at the external surface of solids gaseous molecules 
may be transported by surface diffusion. The general term, pore 
diffusion, is usually used to refer to the other types of mass 
transfer. Flow of gases through porous solids has been dealt with 
by a great number of researchers in the fields of soil physics, 
petroleum technology, surface measurement, gas separation, catalysis, 
and some others, over the years. Two thorou^  literature surveys 
on the subject have been written hy Carman (l6) and Scheidegger (89). 
The first emphasizes the permeability of porous media to gases and 
the surface diffusion coefficients, while the second stresses the 
theoretical aspects of the physical phenomenon by mathematical 
treatments. Since it is normally found for fine-pored media, 
that the mean free path of gaseous molecules is an appreciable 
fraction of the capillary radius, slip flow and Khudsen (or 'free 
molecule') diffusion occur inside the pore space. Carman (l6) 
reviewed the theoretical development and the experimental verifica­
tion of this transfer process in detail for consolidated and 
unconsolidated porous media. 
The sequential resistances to the transfer of the sorbate from 
the bulk of the gas phase to the sorbent particle have been considered 
separately up to this point. In many instances, it is possible to 
combine these series resistances into one for the overall transfer 
process. This concept was developed for fluid-fluid systems. 
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However; as pointed out by Bosworth (lO), this concept may equally 
well be applied to fluid-solid systems. 
Rate of Sorption 
The study of sorption, like all physicochemical studies, 
concerns both rate processes and equilibria. By far, however, most 
work has been done on equilibria, due to the fact that physical 
adsorption processes are very rapid, except at high temperatures 
(28). Unfortunately, there are only a few studies in this area that 
are comprehensive, especially in the field of physical adsorption. 
Most of the resulting theoretical rate expressions, which are based 
on a number of postulates are limited in scope and contain a number 
of arbitrary constants. 
In describing the sorption process, three sequential steps in 
the mechanism are now generally accepted in accordance with 
Langmuir's pioneer work (65). These include the motion of the gas 
molecules to the surface, the sojourn of the molecules on the 
surface, and the motion of the molecules away from the surface, 
in other words, sorption, surface migration or reaction, and 
desorption. With porous sorbents the step of internal diffusion 
through the pores of the sorbent must be included, of course, as 
an additional resistance. Comparing physical sorption with 
chemisorption, most studies have indicated that the former is 
controlled by resistance to mass transfer at the interface and in 
and through the solids vhereas the latter is controlled by resistance 
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to surface reaction. 
A brief review of early investigations concerned with adsorption 
kinetics "was given by Gregg (44). Texts by McBaiil (68) and Brunauer 
(12) presented the kinetics of physical adsorption including the 
theory of adsorption rates. Ledoux (64) attempted to explain the 
whole subject of dynamic adsorption by treating it from a practical 
engineering point of view. In Be Boer's contribution (28), he 
intended to create a picture of sorption from a dynamic approach. 
Barrer (?) dealt with the transport rate of gaseous sorbates in 
and throu^  sorbents. 
It is not surprising to find that much of the study of sorption 
rates has been done on chemisorption. It is extensively discussed 
in various references and text-books (3, 34, 45, 51, 66, 91). For 
chemisorption is of primary concern to the investigators of chemical 
kinetics. In developing an overall rate expression for fluid-solid 
reaction systems, a number of theories concerning chemisorption 
processes have been suggested. Among the early contributions, 
langmuir's treatment (63) based on a kinetic approach has been 
widely accepted as the most suitable method for gas-solid catalytic 
reactions. Langmuir's derivation has been modified to obtain 
expressions for sorption and desorption rates for surface processes 
in dynamic equilibrium. There are also several other rate equations 
which were formulated empirically by researchers in this field. 
Such diversified fields as chemisorption, soil mechanics, 
powder metallurgy, gas separation, biochemistry and polymerchemistry. 
12 
have contributed a vast amount of literature on sorption kinetics. 
Most of the existing information, however, concentrates on the rates 
of processes involving simultaneous diffusion and sorption or 
reaction in various practical systems. 
Experimental Measurement of Sorption 
Ihe conventional methods for determining the amount of gas 
adsorbed are either volumetric or gravimetric. Usually both methods 
are carried out in a static system. In contrast, the development 
of gas chromatography has led to methods for measuring sorption in 
a dynamic system. In addition, various indirect methods have been 
employed involving accomodation coefficients, the optical properties 
of the sorbed film, and radiotracer techniques. These methods are 
discussed in several references (9, 12, 26, 32, 33, 34, 37, 86, 97). 
Volumetric 
Probably this approach to sorption measurement is the oldest 
among the common methods. This method which is based on volumetric 
measurement can be carried out by two different techniques. The 
one offering the greatest experimental simplicity, but requiring 
more difficult data reduction, utilizes a constant-volume system. 
The other, having many of the advantages of the previous method and 
avoiding the problem of hysteresis encountered due to changing 
pressure in the other techniques, utilizes a constant-pressure 
system. 
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In both techniques a known wei^ t of sorbent is contained in a 
bulb connected to the necessary manometers and pressure gauges, and 
the other auxiliary apparatus. After the sorbent is heated and 
evacuated; a known quantity of the test gas is admitted and brought 
to equilibrium with the sorbent at a known temperature for the case 
of the constant volume system. lEhe pressure is then measured. If 
the volume of the bulb minus that of the sorbent is known, the 
quantity of the unsorbed gas and the amount sorbed can be calculated. 
The difficulty in determining the dead space makes the measurement 
rather inaccurate. 
Bie same procedure in loading sorbent is used in the case of 
the constant-pressure system. In contrast with the constant-volume 
technique, after a known quantity of the test gas is admitted, a 
gas buret filled with mercury, connected with the system at one end 
and with a leveling bulb at the other must be adjusted occasionally 
to keep the operating pressure constant. The amount of gas lost 
to the sorbent at the chosen operating pressure can be measured 
directly. 
The two techniques have been improved and modified constantly 
by using more accurate control methods such as automatic pressure 
controllers or regulators. Although rate studies can be carried 
out by means of the volumetric technique, such studies are more 
frequently done by using a gravimetric or weighing technique. 
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Gravimétrie 
The direct weighing of the amount sorted by means of a McBain 
and Baker sorption balance makes it possible to avoid the deadspace 
difficulty of the volumetric method. Ibis balance consists 
essentially of a calibrated spring made of fused silica or special 
metals on the end of which is hung a small pan containing the 
sorbent. By measuring the increase in the length of the spring the 
sorbent can be weighed. The buoyancy and damping factors need to 
be corrected for in this method. OZhe bouyancy factor may be 
reduced or eliminated by employing cantilever, knife-edge or 
torsion type micro-balances, and some workers have used these in 
place of a quartz spring. Recently several new types of vacuum 
micro-balances have been developed and introduced, which are based 
on the principle of magnetic balancing or the use of a linear 
differential transformer to measure extremely small deflections. 
Automatic recording and controlling vacuum micro-balances have 
been devised for studying weight change as a function of time, 
temperature, or other variables. A few early investigators even 
used ordinary analytical balances. lEhe gravimetric method is well 
suited for the study of sorption rates providing sorption is not 
too rapid to follow accurately. 
I)ynamic 
In the dynamic or continuous flow method the sorbate is mixed 
in known concentration with an inert gas and passed continuously 
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through a packed bed of solid sorbent. The issuing stream is 
analyzed at definite intervals by employing either a thermal 
conductivity cell or an ionization gauge. Determining the break­
through curve for sorption is probably the simplest experimental 
approach in this dynamic measurement. Observing the sorbate 
concentration in the effluent gas from a sorbent bed containing a 
known amount of sorbate is another technique which has been employed. 
Often the first method follows the second as a check for rever­
sibility of sorption. Several modifications have been employed by 
a great number of investigators in chromatographic studies. 
Observing the effluent concentration after introduction of a "pulse" 
of sorbent into an inert carrier (purge) stream is the third 
dynamic approach. This is sometimes called "the pulse flow method." 
It is claimed that this method offers the ability to detect the 
sorption of small amounts and consequently it is useful for 
measuring sorption by solids having small surface areas. Some 
advanced instruments on the market, such as the Perkin-Elmer 
Sorptometer which applies the new dynamic-measurement concept, are 
rapid and accurate in operation. This method finds wide-spreaa 
application in practical research in the chemical industries. 
Optical 
A sorbed film on a solid surface may cause an elliptical 
polarization of an incident beam of light. The ellipticity may then 
be related to the thickness of the sorbed layer if a dielectric 
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constant for the sorted phase is known. Ihis method involves 
experimental and theoretical difficulties not found in the more 
direct methods. 
Accomodation coefficient 
(Die sorption phenomenon is related to the exchange of energy 
between the gas and the solid surface. Energy exchange is indicated 
by the change in temperature of the gas as related to the temperature 
of the solid. In other words, the accomodation coefficient measures 
the extent to which a gas of known temperature striking a surface 
of a different temperature "accommodates" its temperature to that 
of the surface. Specifically, the temperature of the gas molecules 
before striking the surface, the temperature of the gas molecules 
when they leave the surface, and the temperature of the surface 
define the accommodation coefficient. Precise measurement of small 
differences in temperature is required. 
Badiotracers 
A sorption determination may be accomplished by measuring the 
accumulation of radioactive gas on the solid sorbent or by measuring 
the loss of radioactivity of the gas phase. (This method mi^ t be 
refined to measure the sorption of quantities much below the limit 
of other methods. This technique would provide an excellent means 
for determining sorption rates. The radiotracer technique also 
permits measurement of the sorption of one component of a mixture. 
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The investigators, however, need knowledge and experience in handling 
radioactive materials. 
Wheat KLoiir 
IHae amount of gas sorted per gram of sorbent depends on the 
partial pressure, temperature, nature of the sorbent, and the 
preparation and history of the sorbent. In order to understand 
the role of wheat flour as a sorbent, a brief review was made of 
cereal chemistry. This review was especially concerned with the 
physical and chemical properties of flour and methods of analysis 
for cereal. For this particular project, an attempt \ja.s made to 
determine what techniques have been used in the past for similar 
investigations and to see what, if any, sorption studies have been 
made involving wheat flour. 
Laboratory methods 
It is not intended in this section to give a complete account 
of the various ways and means of examining flour, since fairly 
complete information is available in several sources (49, 50, 57). 
The methods given here only concern the determination of moisture 
content, particle size and chlorine. Some of these methods were 
used in the experimental investigation. 
A lengthy discussion and evaluation of methods for moisture 
determination in wheat flour was presented by Hlynka and Robinson 
(49), and Kent-Jones and Amos (57). It is very important to know 
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that due to the nature of wheat flour, the moisture contained 
therein seems to he combined with varying degrees of affinity. 
Hence the determination of moisture is by no means simple. 
Initially the loss of moisture is fairly rapid as flour is heated, 
but it becomes more and more difficult to remove further moisture 
as the heating proceeds. 
A wise selection of a method of determining moisture must be 
made since different methods of determination tend to give different 
results. The common methods of moisture determination can be 
classified under four major headings, oven, distillation, electrical, 
and chemical or titration methods. 
Investigations have shown that the results of moisture 
determination by the various oven methods were affected not only 
by the type of oven used, but also by the weight of sample taken 
and the shape and dimensions of the container. Vacuum ovens on 
an average tended to give higher results than air ovens. 
Much literature is available to show the progress made in 
measuring particle size and surface area (19, 20, 26, 53, 77). 
The techniques used to determine fine particle size distribution 
are important supporting methods for a primary study of sorption. 
Gravitational sedimentation, centrifugal sedimentation, microscopy, 
sieving are the major techniques in fine particle measurement. 
Some other techniques which have been used in rapid and accurate 
measurement are average size from permeametry, gas adsorption, 
electrolytic resistivity changes (Coulter Counter), Cascade impacter. 
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and light scattering. Among the various method:^  listed above, the 
estimation of surface areas by gas adsorption has earned considerable 
attention, for it is closely related to the present sorption study. 
Althou^ i no difficulty would be found in locating information on 
the gas adsorption methods for evaluating surface areas, the 
excellent book by Young and Crowell (97) is the most complete and 
comprehensive in this field. 
In this survey, measurement of the particle size distribution 
of starch or polypolymers in general and flour in particular has 
been of most interest. Irani and Fong (54) discussed the effect 
of particle size distribution on the quality of flour. In measuring 
particle size distribution of soft wheat flour, the gravitational 
sedimentation, centrifugal sedimentation, sieving; microscopic 
counting and Electrolytic Resistivity change methods were used 
and the experimental results were compared. Particle sizes were 
measured and related to certain flour characteristics by Sullivan 
et al. (94). By using the Brunauer-Emmett-Teller (gas adsorption) 
method and a photomicrographic technique, Hellman and Melvin (46) 
determined the surface area of various starches. The apparent 
external surface obtained by nitrogen sorption was within the range 
of 0.1 to 2.6 m^ /gm. The specific surfaces of starch granules and 
its parent flour were measured and found to be 0.7708 and 0.1249 
m^ /gm. respectively, by Gracza and Greenberg (42), as analyzed from 
the particle size distribution data using the centrifugal method. 
The specific surface area of flour obtained from a water-flour 
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isotherm by employing the Brunauer-Emmet-Teller theory was 235 m^ /gm. 
as reported by Bushuk and Winkler (is) recently. Hess (48) obtained 
a value of 0.16 to 0.60 sq.m/gm. by the same method from the flour-
argon isotherm. 
Flour is known to be a heterogeneous mixture of particles of 
different densities and shapes. Specific gravity values ranging 
from 1.40 to 1.50 with an average value of 1.44 were collected by 
Irani and Fong (54) by duplicate determination of five flour samples 
and air-classified fractions of these samples. However, no 
information with regard to the moisture content of the flour samples 
was presented. Gracza and Greenberg (42) suggested a swelling 
factor to account for the decrease in density of starch granules 
caused by hydration. In their study of the specific surface of 
flour and starch granules in a hard winter wheat flour and in its 
fine subsieve-size fraction, the density of the starch granules at 
about 10 per cent moisture level was taken as 1.500 gm/ml and of 
the swollen granules as 1.297 gm/ml. 
A gravimetric method for determining chlorine as chloride in 
flour was suggested by Kent-Jones and Amos (57). The available 
official method of analyzing for chlorine is for the analysis of 
chlorine in flour fat (50). Wo other information relating to this 
determination was located. 
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Properties 
A great number of publications concerning the chemistry and 
technology of the cereal industries are available (S, 6, 49^  57; 
67, 8l), so the brief summary presented here will only provide 
information of greatest importance to the present study. As 
summarized by Kent-Jones and Amos (57), the approximate composition 
of 72 per cent-extraction white flour is : 
Apparently, starch is the constituent that must be given primary 
consideration in this study of sorption. As may be seen from several 
electron-microscope photographs of various wheat flour samples 
(57, 67), wheat starch is composed of two types of granules. The 
smaller granules are spherical while the large ones are lens-shaped. 
The diameters of these granules lie between 0.002 mm. and 0.050 ram. 
but the majority of the granules are close to either the upper or 
the lower limit in size and granules of intermediate size are much 
rarer (57). It has long been known that all of the unmodified 
industrial starch is a natural hi^  polymer built up from the basic 
glucose unit in two types of molecules, those that are essentially 
liner chains of 1-4, alpha-glucosidically-linked glucopyranose called 
Components Weight i> 
Moisture 
Starch 
Protein 
Cellulose (fiber) 
Fat 
Sugar 
Mineral matter (ash) 
13.0-15.5 
65-70 
8-13 
trace to 0.2 
0.8-1.5 
1.5-2.0 
0.3-0.6 
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amylose and those that are "branched chains through alpha-1, 6 linkage, 
termed amylopectin. The former, in the case of wheat starch, 
comprises about 23 per cent of the total starch. Bie polymer is 
formed through loss of one molecule of water for each molecule of 
glucose is represented by the following formula: 
The structure of protein is also that of a high polymer, but the 
repeating unit is not identical and may be any of the naturally 
occuring amino acids. A comprehensive review as to the role of 
protein in wheat flour has been presented elsewhere (57). 
Sorption 
The study of sorption of gases or vapors by wheat flour has 
been limited in volume and diversified in theoretical interpretation. 
Most of the work published has centered on sorption problems 
related to the wheat kernal (4, 35, 49) and to starch (4, 14, 15, 
46, 49; 72, 87). Only single component adsorption by evacuated 
adsorbents appears to have been investigated previously. 
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One of the earliest studies of gas sorption by starch and 
cellulose was the work done by Costa (2l). He measured the sorption 
of hydrogen chloride, ammonia, and several other gases by commercial 
rice starch which had been dried at 100° C to a constant wei^ t. 
The temperature of the measurements was not stated explicitly while 
gas pressures were indicated as small, without quantitative 
statement. The sorption of hydrogen chloride was rapid in the 
beginning and the amount sorbed in 96 hr. was 0.103 gm./gm. of 
starch. The rate was slower subsequently and after 792 hr. the 
total amount sorbed was 0.1855 gm./gm. of starch. The quantity 
of hydrogen chloride sorbed did not appear to reach any definite 
limit and a water-soluble black substance was formed indicating 
chemical reaction. Unlike starch, cellulose showed a definite 
sorption limit within 100 hours. By the end of this time 
0.0532 gm./gm. of cellulose was sorbed. However, in the case 
of the sorption of ammonia by starch a limit appeared to be 
reached in 24 hours. A summary of Costa's results is given below: 
Sorbate Starch Cellulose 
HCl 0.1855 0.0532 
0.0894 0.0256 
S^Og 0.0905 0.0140 
COg 0.0067 0.0004 
Og 0.0006 
From these results, it appears that starch is a better sorbent than 
cellulose and that it is stable in all of the sorbents except 
hydrogen chloride. 
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A recent investigation by Thomson and his associates (43) was 
the kinetic study of the reaction of hydrogen chlorid.e with rice, 
corn, wheat; and potato starches at a temperature of 70° C. Using 
a simple Warburg-type apparatus, they were able to follow the 
reaction by measuring changes in hydrogen chloride pressure. The 
behavior of the granules was also studied under a microscope. 
Definite hexagonally packed structures on the surface of the granule 
were observed in an electron micrograph of a palladium-carbon 
shadowed reaction product. Rapid sorption of hydrogen chloride on 
the surface of the granules took place.during the first few minutes. 
This was followed by a period of constant rate of sorption termed 
the "induction period". At the end of this period, another straight 
section with a different slope was recorded on the sorption kinetic 
curve until the end of the reaction. It was learned that the rate 
of hydrogen chloride sorption during the induction period increased 
in the order: potato, wheat, com, and rice starch. It was also 
noted that the average particule size and the induction time 
increased in the same order. Several interesting results were 
observed. Thus, the starch slowly darkened until it was black, 
and at the end of the induction period the weight and water solubility 
of the granules were a maximum. The granules became insoluble and 
permanently black during the subsequent reaction. It was postulated 
that the reaction following induction is a cross-linking of starch 
chains with the elimination of 2.5 to 3 molecules of water per glucose 
unit. There is, however, little degradation of the starch chains. 
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During the induction period, hydrogen chloride diffuses into the 
granules, breaking hydrogen bonds between chains and increasing the 
disorganization; the start of polymerization is, therefore, delayed 
until the end of the induction period. 
A study on sorption of water vapor by wheat and its milling 
product was undertaken by Babbit (&). A special arrangement of the 
McBain quartz spiral balance was used in the measurement of the 
amount of moisture sorbed by wheat kernels. The time-rate of 
change of moisture content was related to diffusion and the rate 
of approach to equilibrium. It was noted that the depth of the 
sample in the holding pan affected the rate of sorption to a very 
small degree. 
As pointed out earlier, in our investigation the problem of 
measuring the hydrogen chloride sorption rate is complicated by 
the moisture in the flour. Since this moisture is not permanently 
fixed, it may desorb while hydrogen chloride is being sorbed. 
Consequently an extensive knowledge of the combination of flour 
with water is needed in order to understand the sorption character­
istics of flour. 
Until now, very little has been said about the actual relationship 
between flour and water vapor. Most of the investigations relating to 
this field are limited in scope to the more practical aspects. The 
lengthy and comprehensive review by Hlynlaand Robinson (4=9) provides 
an excellent explanation of the sorption of moisture by cereals in 
relation to their chemical structure. Water appears to be bound by 
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polar effects. Accordingly, the points of polarity in the starch 
molecule, such as hydroxy! groups on the ring, ring oxygen, and 
bridge oxygen are suitable foci for interaction with water, which 
is a small molecule with a large permanent dipole moment per unit 
surface. Similarly the molecules of protein carry a wide variety 
of polar and ionic groups, therefore, there is ample opportunity 
for water to interact with them. 
It has been observed for sometime that a sigmoid shaped 
sorption isotherm is common for cereal grains and their products. 
QZhe sorption isotherms obtained by Babbit (4) and by Bushuk and 
Winkler (l5) have shown sigmoid shaped curves for water vapor 
sorption by flour at room temperature. In general, an 8-shaped 
or Type II isotherm is characteristic of multilayer adsorption 
according to Brunauer (l2). Hlynka and Robinson (49) made an 
attempt to interpret the features of such an isotherm for wheat 
and flour following the Bronauer-Eramett-Teller theory of multilayer 
adsorption (is). Accordingly, they postulated that the first 
monomolecular layer of water is adsorbed on active centers only; 
the second layer is adsorbed on the surface not covered by active 
centers and on the first layer. Hie first segment of the isotherm 
corresponds to a water content of about 6 per cent (approximately 
0.07 gm.HgO/gm. dry flour) and the linear segment of the isotherm 
represents an additional 10 per cent moisture content (that is a 
total of 0.18 gm.HgO/gm. dry flour). The last segment is the 
continued adsorption of additional layers. Becker and Sallans (s) 
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and Bushuk and Winkler (l5) applied this hypothesis to obtain a 
number of adsorbed layers at saturation relative pressure. 
However, Bellman and Melvin (46) objected to the interpretation 
of the sorption data for water vapor on starch in terms of an area 
of adsorption because of the disagreement in the specific surface 
areas obtained by two different experimental procedures. The 
surface area of com starch calculated by the method of Brunauer-
Snmett-Teller from experimentally determined sorption isotherms 
for nitrogen at -195° C is approximately 0.70 m^ /gm. of starch, 
but the value obtained from the isotherms for water vapor is 
334 m^ /gm. The surface area of the same sorbent determined by 
employing a photomicrographic technique is 0.483 m^ /gm. "which 
is comparable to the value determined by nitrogen sorption. 
Because of this fact, they concluded that water sorption of starch 
is not a surface condensation phenomenon and recommended using the 
alternative interpretations given by Cassie (l8) and Eowen and 
Blaine (87). 
In Cassie's estimation sorption occurs at sites distributed 
throughout a substance. The explanation given by Eowen and Blaine 
for the large differences between the sorption capacities of 
textile fibers for water vapor and nitrogen was more detailed. 
They attempted to interpret the apparent discrepancy in various 
ways. It was assumed that the sorbing sites were not restricted 
to part of a surface; in other words, the entire surface was 
available for sorption. There mi^ t be an additional internal 
28 
surface specific to certain sorbates as well as an external surface. 
The dependency of the internal surface on the presence of a swelling 
agent such as water and the ability of the small; polar water 
molecule to penetrate into capillaries not accessible to the nitrogen 
molecule were other possibilities suggested by Rowen and Blaine. 
Ihe discrepancy in the specific surface of flour obtained from 
different sorbates was observed by Bushuk and Winkler (l5). Most 
workers agree that flour containing specific polar groups logically 
interacts with the sorbate molecules during the sorption process. 
The series of investigations conducted by Bushuk and Winkler 
(15) is one of the most recent works concerning the sorption of 
water and organic vapors by wheat flour. !Ehe conventional McBain-
Baker sorption balance was employed to study flour dried under 
vacuum at 27° G and several other temperatures. The results showed 
that the rate of sorption was not affected by varying the size of 
the flour sample; however, the presence of a sli^ t amount of air 
In the sorption chamber decreased the rate of sorption very markedly. 
In addition, the sorption was about 75 per cent complete in 15 
minutes after the sample was exposed to the vapor and complete 
equilibrium was established in less than four hours. Based on the 
results obtained by fitting the rate data of their particular 
investigation to a first-order rate equation, they concluded that 
the sorption system is primarily a diffusion controlled process. 
In addition, according to their experimental results the rate of 
sorption increased with decreasing molar volume of the sorbate, and 
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apparently the dipole moment of the sorhate molecule had no effect 
on the rate of sorption. 
Acid modification 
It has been known in industry that starch can be altered by 
the use of various physical and chemical procedures. Hiysically 
modified starch has moderately improved properties and is more 
desirable for biological utilization in food. Chemically modified 
starch has drastically altered properties and finds wide utilization 
in industry. Matz (67) and Kerr (58) presented a complete 
discussion of this aspect. Acid-modified starch, which is a primary 
concern of this study, has shorter chains in both the amylose and 
amylopectin fractions and an increasing proportion of linear to 
branched chains. Hence, the modification of starch by acid-
treatment is known as breaking off the complexly constituted 
amylopectine types and results in lower paste viscosity. In starch 
manufacture, acid-modified products are prepared by different 
processes so as to have several desirable characteristics for 
specific applications. 
One can easily see, from the following structure of starch, 
that a cleavage takes place to rupture the carbon-oxygen bond 
between two adjacent glucose units. As a result, a water molecule 
splits and adds to the two starch fragments. Kerr (58) stated that, 
theoretically, the hydrolysis of any starch is a composite of at 
least two reactions: the hydrolysis of linear chains of comparatively 
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low molecular weight and the hydrolysis of very large; branched 
structures. 
HO—H 
I i 
: /o \ 0 
OH 
Kerr (59) reviewed thorou^ ly some aspects of starch chemistry 
concerning the utilization of acid-modified starch products for 
tub-sizing paper. Because of a limited hydrolysis; acid-converted 
starches show the desired characteristics for sizing purposes. An 
attempt was made to explain the physical properties and chemical 
behavior of these starch products in terms of starch composition 
and chemical structure. 
Corn starch, one of the most versatile and readily available 
starches, was the first to be acid modified for commercial use; 
while wheat starch is not currently modified on an industrial scale, 
because of processing difficulties and economic factors. Frederickson 
(38, 39) developed the first commercial process employing a fluidized 
bed for acid modifying corn starch. The acid was added to the flour 
by vaporizing a solution of hydrogen chloride into the fluidizing 
gas stream. Ravindrara et a2. (83, 84, 85) carried out a series of 
31 
investigations, on a process for the depolymerization of starch 
utilizing a fluidized bed reactor. 
Bankin et a2. (82) discovered a process for acid-modifying whole 
flours to produce tub-sizing agents. Lancaster et . (.6l) 
extended this work; to produce a material similar to commercial 
starch products in paste viscosity and effectiveness as a tub-
sizing agent from commerical soft white winter wheat flour. A 
ribbon blender which held 30 lb. batches of flour was used for 
this purpose. Small amounts of 4 N hydrochloric acid was 
sprayed into very dry flour with less than 3 per cent moisture 
content and the mixture was held at a temperature less than 
37° C (lOO° F) for 30 minutes to 2 hours. The reaction was 
stopped by spraying in 14 N sodium hydroxide. In other experiments, 
dry hydrogen chloride was blown into the reactor containing a 
flour having 10 per cent moisture content, and dry ammonia 
gas was introduced instead of aqueous sodium hydroxide. The 
desirable reacting temperature was 80 to 100° F. In another 
study Lancaster et aJ. (62) developed a rate equation in terms 
of product paste viscosity, concentration of acid and reacting 
temperature. This correlation was for the same process mentioned 
above. They also noted that a critical variable in processing flour 
is moisture content, which must range between about 6 per cent, below 
which the rate decreases, and about 12 per cent, above which localized 
over-reaction occurs. From the protein solubility test, they found 
that the protein is not changed appreciably during acid modification. 
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EXEESR]]yiEMCAL INVESTIGATION 
Apparatus and Materials 
Apparatus 
It was foreseen that it would be necessary to have the moisture 
in the flour under control, therefore no conventional way of 
measuring sorption could be adopted directly for this particular 
study. Usually, both the measuring system and the sorbate must 
be evacuated before undertaking any experimental determinations. Due 
to the complexity involved in this particular work, the apparatus and 
method of measurement were modified several times. 
In the earliest stage of the investigation, the idea of using a 
mixture of hydrogen chloride gas and water vapor to contact the 
flour, was conceived in order to reduce the moisture loss. It 
seemed, however, that both hydrogen chloride gas and water vapor 
would be sorbed by the flour in that process. This would require 
some method for following the sorption of both gases which would be 
very complicated. 
After careful examination, it appeared that a weighing method, 
in combination with a dynamic approach, would be the most adaptable 
and simplest technique for this special case. The change in sample 
weight could be observed and recorded from time to time; and after 
a given interval the sample could be removed and analyzed. In this 
dynamic measurement, a stream of gases flowed past the sample so 
that the concentration of the component of interest could be 
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maintained constant in the gas phase and the diffusion problem 
•within the tubular enclosure would be eliminated, except within 
the sample pan. Wo evacuation system was needed in this arrangement. 
The apparatus shown in Figure 1 was used for measuring the rate 
of gas sorption by flour. It consisted of a quartz spring 
microbalance^  enclosed in a vertical glass tube 3 cm. in diameter 
and 100 cm. in overall length with a gas inlet at the bottom and 
an outlet at the top together with gas metering and other auxilliary 
equipment. The flour samples were suspended from the quartz helix 
in small plastic flat-bottomed, cylindrical pans having a diameter 
of 1.75 cm. and different wall heights. 
A cathetometer^  was used to measure the spring extension to 
0.1 mm. which corresponded to a change in sample weight of 1 mg. 
The gas drying towers contained calcium chloride and magnesium 
perchlorate respectively. The rotameters were calibrated with a 
soap bubble method. The helix was calibrated by placing analytical 
balance weights in the pan. It had a maximum capacity of 2 gm. 
The balance enclosure was water jacketed for temperature 
control and fitted with a sintered-glass gas diffuser plate near 
the bottom. Water was circulated through the jacket by a pump.'^  
S'Made by Microchemical Specialities Co., Berkeley, California. 
M^ade by Eberback Corporation, Ann Arbor, Michigan. 
cpisher Scientific Model B-1 centrifugal pump. 
Figure 1. Flowsheet of apparatus used for measuring HGl sorption rates at room temperature 
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For some runs made at room temperature at the "beginning of this study; 
an unjacketed tubular enclosure was used. Either the pure component 
gases or mixtures could be passed through the balance enclosure. 
After the gases had passed through the balance enclosure, they were 
bubbled through a flask of water to remove the noxious components 
and then vented. 
Materials 
A straight grade, untreated arid unbleached flour milled from 
Genessee variety, Michigan soft white winter wheat®" was used for 
most measurements. For the study of moisture effect on hydrogen 
chloride sorption, the moisture content of the original flour was 
adjusted by several methods to different levels. 
One of these was the method used by Hellman and Melvin (47) 
which involved placing the flour in a desiccator along with a 
saturated salt solution selected to give the appropriate vapor 
pressure of water. Two weeks or more were allowed for the flour 
to reach equilibrium. Daring this period the desiccator was 
connected to an operating water aspirator for 30 minutes of each 
day so the total pressure in the desiccator should have remained 
close to the water vapor pressure. At the end of the equilibrium 
period the flour in the desiccator was well mixed. Altogether six 
O^btained from the King Milling Company, Lowell, Michigan. 
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different levels of moisture content were obtained by this method 
using saturated salt solutions of potassium nitrate, potassium 
chloride, sodium nitrate, sodium bromide, potassium carbonate, 
and lithium chloride, respectively. A second method, which was 
used to adjust the moisture content, involved drying the flour in 
a vacuum oven at 105° C for several hours. In all cases the moisture 
content of the adjusted flour was determined by measuring the weight 
loss of a sample heated to 105° C for 24 hours. The various moisture 
levels obtained by these methods are summarized as follows : 
Table 1. Environments used for preparing flour samples of 
different moisture contents 
Moisture Content 
Preparation Environment 
ÛU. Dry Flour 
0.2503 desiccator. room temp.. 
0.2219 desiccator. room temp.. KCl 
0.1994 desiccator. room temp.. NaNOg 
0.1682 desiccator. room temp.. NaBr 
0.1364 desiccator. room temp., KgCOg 
0.1162 atmosphere, room temp., 24 hr. 
0.0949 atmosphere. room temp., 48 hr. 
0.0841 desiccator, room temp., LiCl 
0.0208 vacuum oven. 105° C, 8 hr. 
0.0068 vacuum oven. 105° G, 20 hr. 
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A few sorption experiments were carried out with pure wheat 
starch prepared by the Batter process and supplied hy the Northern 
Utilization Research and Development Division of the United States 
Department of Agriculture in Peoria, Illinois. The starch ranged 
from dust sized particles up to lumps 3/8 in. across when received. 
It was subsequently ground with a mortar and pestle to a more 
uniformly sized powder. Examination of the powder under a microscope 
revealed the presence of many individual starch granules, some 
agglomératers containing up to 50 granules, and some fragments of 
granules. 
The anyhdrous hydrogen chloride gas and the anyhdrous ammonia 
gas were obtained from the Matheson Company vhich claimed that the 
gases had a minimum purity of 99 per cent. The compressed nitrogen 
gas was obtained from the Air Reduction Company which claimed the 
purity of the gas to be 99.9 per cent. 
Experimental Procedure 
Water vapor desorption rate 
The test procedure used for measuring drying rates of flour at 
room temperature and pressure involved the following steps: 
1. A balance pan was loosely filled with flour and the 
upper surface was left irregular to avoid packing 
the flour by scraping the surface. Hence, the 
reported flour depths are only approximate. 
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2. Ihe balance tube was purged with nitrogen and then 
taken apart at the center joint to admit the sample 
pan. After the pan was suspended from the quartz 
helix microbalance, the tube was reassembled. 
3. While the oscillations of the quartz spring were 
damping out, the initial sample weight was observed 
and recorded. 
4. The nitrogen was taken from a hi^  pressure storage 
cylinder, dried by passing it throu^  drying towers, 
metered with a rotameter and then passed through 
the balance tube containing the flour sample. 
5. Ihe sample weight loss was observed at frequent 
time intervals. 
Since conceivably the loss in flour moisture could be reduced 
by operating at a lower temperature, some moisture desorption runs 
were made at a temperature near the freezing point of water. For 
these determinations, the above procedure was used with the following 
exceptions : 
1. The microbalance pans were loaded with wheat flour 
which had been refrigerated. 
2. Ice water was pumped throu^  the jacket of the 
microbalance enclosure, and the lower end of the 
enclosure along with several feet of the Tygon 
plastic tubing which conducted the gas to the 
enclosure were emersed in an ice bath. 
Hydrogen chloride sorption rate 
The measurements of the sorption rates of hydrogen chloride 
from a gas mixture at room temperature and pressure were made by 
using the following procedure : 
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1. One of the sample pans vas loosely filled with flour. 
IThe surface was carefully scraped smooth to avoid 
compacting the bed. 
2. The tube, which enclosed the microbalance, was 
purged with nitrogen and then taken apart at the 
center joint to admit the sample pan. After 
attaching the pan to the spring, the tube was 
reassembled. 
3. While the oscillations of the quartz spring were 
damping out, the nitrogen and hydrogen chloride 
flow rates were adjusted to provide the desired 
mixture and total gas flow rate. While the initial 
adjustments were being made, the gases were 
vented around the balance enclosure. 
4. The initial sample weight was observed and recorded 
and then the three-way stopcock was turned to pass 
the gas mixture through the balance enclosure. 
5. The weight of the sample was observed and recorded 
at 1 min. intervals. Time zero was taken as the 
instant when the first bubble of gas reached the 
surface of the water in the exhaust absorber. 
6. The run was stopped when the weight of the sample 
became constant or at least was changing very 
slowly. 
It was estimated that less than 3 min. passed between the time 
the sample was placed in the microbalance and the start of a run. 
The experimental sequence involved in the series of determinatiors 
at low temperature was similar to that used in the measurement at 
room temperature. The sample of flour was refrigerated prior to 
charging the balance pans. As shown in Figure 1, the cooling system 
was used to maintain the ice water in the enclosure jacket at a 
temperature of 34° F. 
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Sorption of ammonia on flour and acid-modified flour 
Several runs were made to investigate the sorption of anhydrous 
ammonia by wheat flour containing 12 per cent moisture under a limited 
number of conditions. These were made with the same apparatus and 
using the same experimental procedure as for the hydrogen chloride 
sorption. In addition, several runs were made in which hydrogen 
chloride was first sorbed by a sample of flour followed by sorption 
of ammonia. ÎEhe procedure was similar to that used where only hydrogen 
chloride was sorbed except that the flow of hydrogen chloride was 
interrupted before the sample reached a constant weight and after 
a 2 min. interval where only nitrogen was flowing throu^  the balance 
enclosureaddition of ammonia to the nitrogen stream was started. 
Sorption of ammonia was continued until the sample appeared to reach 
a constant weight. 
Analytical methods 
The samples of flour used for each run were analyzed for moisture 
by weiring, drying under vacuum for 24 hr. at 100° C and rewei^ iing. 
In attempting to determine the actual amount of hydrogen chloride 
in the product; some of the flour samples which had sorbed hydrogen 
chloride were analyzed for chloride by a gravimetric method. This 
involved digestion of the sample with nitric acid followed by 
precipitation with silver nitrate. Blank determinations were run 
on the untreated flour and the resulting values were applied to 
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correct the imknown sample values. 
The Volhard volumetric method for determining chloride was also 
used for determining chloride in flour. This involved mixing a 
sample of flour with distilled water which had been acidified with 
dilute nitric acid, adding silver nitrate to precipitate the chloride, 
and then determining the excess silver nitrate by titrating with 
potassium thiocyanate. Before the titration the silver chloride 
precipitate must be eliminated either by filtering the sample or 
by surrounding it with a film of nitrobenzene. 
In addition, a potentiometric method for the determination of 
chloride in flour was used by measuring the potential between a 
silver chloride coated electrode (Beckman 39048 Silver Electrode) 
and a calomel reference electrode suspended in a mixture of flour 
and water. Readings were made with a Beckman, Model 76, expanded-
scale pH meter. The following procedure was used: 
1. The flour sample was weired out accurately and mixed 
with a solution of dilute sodium hydroxide. 
2. Tbe resulting slurry was heated in a boiling water 
bath for 30 min. and continuously sitrred. îhe 
mixture was then transferred to a volumetric flask 
and made up to volume. 
3. The Beckman pH meter was standardized against a 
solution of potassium chloride. 
4. The pH meter was set to read 25 millivolts Tjhen the 
electrodes were placed in the standard solution. 
5. The electrodes were then rinsed and placed in some of 
the flour mixture which had been prepared. The 
potential developed across the electrodes was measured 
and then referred to a calibration curve to obtain 
the concentration of chloride. 
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Ihe calibration curve was prepared by making up a series of samples 
containing known amounts of untreated flour and sodium chloride. 
These samples were subsequently treated by the above procedure and 
the corresponding potential readings were plotted against the known 
chloride concentrations. 
Presentation and Discussion of the Experimental Data 
Water vapor desorption rate 
As stated before, an attempt was made to measure the rates of 
sorption of hydrogen chloride and ammonia by flour containing 
significant amounts of moisture. !Ehis proved to be a very difficult 
undertaking because there was no way of entirely preventing or 
accounting for the simultaneous desorption of water vapor as either 
hydrogen chloride or ammonia was being sorbed. In order to know 
the weight loss corresponding to the loss of moisture in a 
quantitative sense, efforts were made to determine the water vapor 
desorption rate. The initial moisture content of the flour was 
found to be 11.7 per cent by drying it for one hour at 130° C in an 
electric oven. The flour depth was investigated to see if it was 
possible to eliminate the effect of diffusion through the layers of 
flour on the balance pan. In order to vary the flour bed depth, 
five different balance pans were used having wall heights of 0.15, 
0.20, 0.40, 0.50 and 0.70 cm. respectively. The experiments were 
carried out at room temperature and pressure with three different 
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nitrogen flow rates (320, 165 and 31 std. ml./min.) to determine the 
effect of gas velocity upon the overall drying rate as well. 
Some representative results are shown in Figure 2. The 
fractional weight loss of a sample at room temperature is plotted 
versus time for a nitrogen flow rate of 320 std. ml./min. Curves 
for five different sample depths are reproduced. Zhe slope of these 
curves represents the drying rate and it is apparent that the drying 
rate decreases as the moisture content decreases. Also it is 
apparent that the drying rate increases as the flour depth decreases. 
Hence, the rate of diffusion throu^ i the bed of flour particles 
seems to affect the overall drying rate significantly. 
Similar families of curves for nitrogen flow rates of 165 and 
31 ml./min. were obtained but are not presented here. At the lower 
flow rates the drying rates were smaller and the curves representing 
different flour depths lay closer together. The effect of flow 
rate upon the overall drying rate appears to be significant. 
Although diffusion and mass transfer seemed to have an 
important bearing on the drying rate, it must be kept in mind that 
the conditions used in these tests were somewhat unusual in that 
very dry nitrogen was used so that the driving force was very large. 
Drying flour with a gas having a higher partial pressure of water 
vapor could alter the picture considerably. 
In attempting to minimize the loss of water vapor from a sample, 
the water vapor desorption rate was measured at a temperature near 
the freezing point of water and with a nitrogen flow rate of 
Figure 2. Weight lost "by flour in nitrogen 
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1,050 std. ml./min. However, this did not seem to eliminate the 
problem completely, as can be seen from the data presented in Figure 
3. Althou^  the drying rates were significant, they were much 
smaller than had been observed previously at room temperature and 
at lower flow rates. Of course, in the presence of either hydrogen 
chloride or ammonia the rate of moisture loss would be expected to 
be different from that shown here because of the interaction of 
these compounds with water in the flour phase. The water jacket 
temperature during the runs was 34° F and it is assumed that the 
flour sample must have been close to this temperature at the start 
of a run. The flour contained 12.0 per cent moisture initially. 
Balance pans having three different wall heights (0.15, 0.40 and 
0.70 cm) were used. All of the measurements were made at a 
atmospheric pressure. 
Hydrogen chloride sorption rate 
When pure hydrogen chloride gas was passed over samples of 
flour, with a normal moisture content, suspended from the micro-
balance at room temperature, the rate of sorption was extremely 
rapid and the sorption process appeared to be virtually complete 
within a period of about 5 min. The depth of the flour in the balance 
pans had very little effect on the rate. During the process the 
samples underwent a marked change in appearance so that the material 
remaining after a run was in the form of a hard, black cake which 
was shrunken away from the sides of the balance pan. The amount of 
Figure 3. Weight lost "by flour in nitrogen 
flow rate, 1050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, pure nitrogen 
sample depths, 0.15 - 0.70 cm. 
sample weights, 0.19 - 0.98 gm. 
moisture content, 125& 
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hydrogen chloride sorbed was about five times that which would be 
used in the proposed process for manufacturing a tub sizing agent. 
In these experiments the sorption rates were so rapid that the 
measurements were of doubtful accuracy. However, they did provide 
at least an indication of the order of magnitude. 
A number of preliminary runs were made at room temperature in 
order to investigate the effects of the hydrogen chloride 
concentration in the gas mixture, the gas flow rate and the depth 
of the flour sample on the rate of sorption of hydrogen chloride. 
These parameters were varied over the following ranges: 
HCl concentration 2.5 - 75^  
Gas flow rate 100 - 1455 ml./min. 
Sample depth 0.15 - 0.70 cm. 
All measurements were made at room temperature (76° F) and pressure 
(l atm.) starting with flour containing approximately 12 per cent 
moisture. For each run the gain in sample weight due to sorption 
was found as a function of time. Some of the resulting curves 
representing the gain in weight are plotted in Figures 4 to 7. 
Inspection of the various weight gain curves leads to the following 
general observations : 
1. The flour sorbs hydrogen chloride most rapidly 
at the start. The sorption rate decreases with 
the amount sorbed and approaches zero within a 
few minutes. 
2. An equilibrium concentration of sorbed hydrogen 
chloride appears to be reached which is related 
to the concentration of hydrogen chloride in the 
vapor. Figure 6 shows that the relative amount 
sorbed increases with the concentration in the gas. 
Figure 4. Weight gained "by flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rates, 400 std. ml./min. 
temperature, 80° F 
pressure, 1 atm. 
gas composition, 50 - 75^  HGl 
sample depths, 0,15 - 0.70 cm. 
sample weights, 0.17 - 0.95 gm. 
moisture content, 12^  
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It appears that the sorted, equllihritim concentration 
may be roughly equal to the equilibrium concentration 
of an aqueous solution. 
3. Hie initial sorption rate increases with the 
concentration of hydrogen chloride in the gas 
phase and with gas velocity. 
When the overall initial sorption rates were plotted against the 
hydrogen chloride concentration, it appeared that the overall 
initial rate mi^ t be a linear function of the concentration or a 
first order rate process, thou^  there was considerable scatter 
in the data. The initial rate increased as the bed depth decreased 
and as the gas flow rate increased, indicating that the overall 
initial sorption rate is controlled partly by mass transport in 
the vapor phase and partly by diffusion in the bed. 
In order to confirm a suspicion that adequate control over 
flour moisture content was not exercised the measurements of 
hydrogen chloride sorption at room temperature, several experimental 
runs were made with flour which had been adjusted to the relatively 
high moisture content of 18.16 per cent. !Ehe experimental procedure 
and conditions used for the determinations were the same as before. 
The resulting changes in sample weights for the experiments are 
plotted as a function of time in Figure 8. In each case the samples 
actually lost weight during the first two or three minutes but then 
they gained weight for a period which varied with the bed depth or 
sample size. 
Figure 9 shows the resulting curves of sample weight plotted 
against time for a study of hydrogen chloride sorption reversibility. 
Figure 8. Weight gained by flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 80° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
sample depths, 0.15 - 0.70 cm. 
moisture content, 18.16^  
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When the hydrogen chloride content of the gas stream was reduced to 
zero after a normal sorption period, the sample weight loss was 
very pronounced. The rate of weight loss was greatest at first 
and then gradually slowed down. The rate of weight loss also 
appeared to vary inversely with sample bed depth. The general 
characteristics of these curves indicated that hydrogen chloride 
was desorhed. 
Several runs were made at low temperature to measure the 
sorption rate of hydrogen chloride by flour under conditions where 
the desorption of water vapor would be negligible. It was assumed 
that at the start of a run the flour sample must have been close to 
a temperature of 34° F which was the temperature of the enclosure. 
A dry, cooled gas mixture containing 3.0 per cent hydrogen chloride 
was passed over the sample at a flow of 1,050 std. ml./min. and the 
pressure in the balance enclosure was essentially atmospheric. Runs 
were made using bed depths of 0.15, 0.40 and 0.70 cm. The sample 
flour had a normal moisture content of 12 per cent. It should be 
noted that the bulk density of the cold flour was greater than the 
flour at room temperature so the microbalance pans contained from 25 
to 35 per cent more flour by weight than where the pans were loaded 
at room temperature. The resulting curves of sample weight plotted 
against time are shown in Figure 10 for sorption rate of hydrogen 
chloride at low temperature. These curves are similar in appearance 
to those obtained at room temperature. However, the rates of weight 
gain were much greater and the total weight gains were larger than 
Figure 10. Wei^t gained "by flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HOI 
sample depths, 0.15 - 0.70 cm. 
moisture content, 12^  
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for comparable runs made at room temperature (see Figure 9 for 
comparison). These effects are in keeping with the anticipated 
effect of temperature on the partial pressure of hydrogen chloride 
in eguilibritm with moisture laden flour. 
Effect of moisture on HCl sorption A number of runs were made 
0 
at a temperature of about 34 P to determine the effect of flour 
moisture on the sorption of hydrogen chloride. The measurements 
were continued until the samples appeared to reach a constant 
weight. Ten levels of flour moisture ranging from 20.0 to 0.7 per 
cent were investigated as well as three different sample bed depths. 
The experimental technique and conditions were the same as before. 
The wei^ t gain curves for three of the moisture contents are 
presented in Figure 11, 12 and 13. These curves were similar to 
those obtained before and they provided both rate and apparent 
equilibrium data. These results showed that the samples gained 
weight rapidly at first but as the flour became saturated the rate 
of gain diminished and finally approached zero. If the gain in 
sample weight was truly representative of the amount sorbed, the 
slope of the curves representing the gain in weight as a function 
of time should correspond to the sorption rate. Assuming this to 
be the situation, the results for the three different sample depths 
indicated that increases in depth greatly reduce the rate of sorption. 
This in turn would seem to indicate that the rate of sorption was 
at least partially controlled by the rate of diffusion through the 
sample bed. 
Figure 11. Weight gained "by flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
sample depths, 0.15 - 0.70 cm. 
moisture content, 20.025^  
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Figiire 12. Weight gained by flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rate; 1,050 std. ml./min, 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
sample depths, 0.15 - 0.70 cm. 
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Figure 13. Weight gained "by flour from a gaseous mixture of hydrogen 
chloride and nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
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The results of this series of runs revealed that the flour 
moisture content affects both the rate of hydrogen chloride sorption 
and the amount of hydrogen chloride sorted under equilibrium 
conditions. Estimates of sorption rates and equilibrium values vera 
made by assuming that the weight gain curves did represent hydrogen 
chloride sorption curves. Figure 14 illustrates clearly the effects 
of flour moisture content and sample depth on the initial rate of 
sorption. The average rate of sorption which prevailed during the 
first 10 min. of sorption is plotted against the flour moisture 
content for three different sample depths. Another function of 
sorption rate, the time required for a sample to reach an apparent 
steady-state weight; was also plotted against moisture content. 
.The results ; not presented here, showed that at the lowest sample 
depth the total time required to reach a steady-weight is not 
affected veiy much by the moisture content. 
The amount of hydrogen chloride sorbed per unit mass of dry flour 
under apparent equilibrium conditions at 34° F and a hydrogen chloride 
concentration of 3 per cent in the gas phase is plotted as a 
function of flour moisture content in Figure 15. This shows that 
the amount of hydrogen chloride sorbed increases with moisture 
content. It also shows a change in the sorption characteristics at 
a moisture content of about 0 ..08 gm. H^ O/gm. dry flour. Thus, below 
this moisture content the effect of moisture on hydrogen chloride 
sorption is relatively small, while above, it is relatively large. 
These effects are even more pronounced on a semilogarithmic plot 
Figure 14. Average hydrogen chloride sorption rate during the 
first 10 min. of sorption 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
sample depths, 0.15 - 0.70 cm. 
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Figure 15. Equilibrium sorption of hydrogen chloride 
floTf rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
sample depths, 0.15 - 0.70 cm. 
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(Figure 16). 
The apparent equilibrium data is presented in another manner 
in Figure 17 -wiiere the mass ratio of hydrogen chloride sorted to 
flour moisture is plotted against the flour moisture content. It 
is apparent that this ratio becomes nearly constant for moisture 
contents exceeding about 0.1 gm. H^ O/gm. dry flour. Eence, it 
appears that the sorption mechanism is greatly affected by the 
moisture content. Below the critical moisture content the sorption 
appears to be largely controlled by the solid, while above the 
critical value it appears to depend almost entirely on the moisture 
present. 
Effect of partial pressure and moisture on HCl sorption 
Additional equilibrium and sorption rate data for the water-
flour-hydrogen chloride system were sought under different 
combinations of moisture content and partial pressure at a 
temperature of about 34° F and a total pressure of 1 atm. Nine 
levels of flour moisture ranging from 19.2 to 0.9 per cent and six 
levels of hydrogen chloride partial pressure ranging from 15.8 to 
3 mm. of mercury were investigated. (The same procedure was used 
as before. 
Some typical results obtained with a single sample depth of 
0.40 cm. for different partial pressures of hydrogen chloride and 
recorded in Figures 18, 19, and 20 for three different moisture 
contents respectively. These indicate that both the rate of sorption 
Figure 16. Semilogrithmic plot of the equili'britun sorption of hydrogen chloride 
flow rateJ 1,050 std. ml./min, 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
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Figure 17. Mass ratio of HCl adsorbed, to flour moisture content 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
sample depths, 0.15 - 0.70 cm. 
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Figure 18. Weight gained hy flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas compositions, 0.41 - 2.14^  HCl 
sample depth, 0,40 cm. 
moisture content, 19.22# 
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Figure 19. Weight gained by flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas compositions, 0.41 - 2.14^  HCl 
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Figure 20. Weight gained "by flour from a gaseous mixture of hydrogen chloride and nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
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and apparent equilibrium quantity sorbed increase markedly with 
increasing hydrogen chloride partial pressure. Carves similar to 
those shown were obtained at several other moisture levels, and are 
not presented here. In general, the rate of sorption and total 
quantity sorbed increased as the moisture content increased. ELour 
having 9 per cent moisture or less behaved somewhat differently in 
that there was a lag of several minutes before it started to sorb. 
ïhe summary shown in Table 2 provides a comparison of the 
effects of the various system parameters on the initial sorption 
rate. This show the interval of time required for samples to sorb 
0.02 gm. HCl/gtn. flour and the average rate of sorption during this 
interval for the indicated values of the parameters. The data 
given in the table confirm the effects previously attributed to 
partial pressure, sample depth, and moisture content and, in 
addition, show that the sorption rate was slower at room temperature 
than that at 34° F. 
All of the apparent equilibrium data obtained for sorption of 
hydrogen chloride on flour at 34° F using a sample depth of 0.40 cm. 
are summarized in Figure 21. These data show that the amount sorbed 
depends on both the flour moisture content and hydrogen chloride 
partial pressure, the amount increasing as either parameter is 
increased. At low moisture contents the amount sorbed is very small 
and the sorption isotherms are nearly linear, while at higher 
moisture contents the overall isotherms are nonlinear. However, 
the portion of the isotherms corresponding to partial pressures 
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Table 2. Average rate of sorption while sorting 0.02 gm. HCl/gm. 
of sample 
Sample 
Depth 
cm. 
Temp. 
0 F 
HCl 
i 
Flour 
Moisture 
i 
Time 
Min. 
Rate 
gm. HCl 
Igm.j (.Min.J 
0.15 Room 3 14 2 0.010 
0.40 Eoom 3 14 7 0.003 
0.70 Room 3 14 13 0.002 
0.15 34 3 14 1 0.020 
0.40 34 3 14 4 0.005 
0.70 34 3 14 7 0.003 
0.15 34 3 9 3 0.007 
0.40 34 3 9 7 0.003 
0.70 34 3 9 10 0.002 
0.40 34 2.1 14 11 0.002 
0.40 34 1.0 14 22 0.001 
0.40 34 0.4 14 73 « . « « • M M  
greater than 5 mm. of merciiry are linear and of very moderate slope. 
The apparent equilibrium values are plotted against other pairs of 
coordinates in Figures 22 and 23. In the first of these diagrams 
the apparent equilibrium concentration of hydrogen chloride in the 
flour is plotted as a function of moisture content for different 
partial pressures. In the second diagram the ratio of hydrogen 
chloride to water in the flour is plotted against moisture content 
for various hydrogen chloride partial pressures. The sorption 
characteristics of flour containing less than 0.07 gm. HgO/gm. dry 
flour appear to be different than those containing more (Figure 22). 
ThuS; below this critical moisture content very little hydrogen 
Figure 21. Apparent equilibritun sorption isotherm of hydrogen chloride "by flour 
flow rate, 1,050 std. ml./min. 
temperature, 34 F 
pressure, 1 atm. 
sample depth, 0.40 cm. 
moisture contents, 0.0071 - 0.2379 gm. H O/gra. dry flour 
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Figure 22. Effect of moisture content on apparent equilibrium sorption of hydrogen chloride by 
flour 
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Figure 23. Mass ratio of hydrogen chloride sorted to flour moisture content under apparent 
equilibrium conditions 
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chloride is sorted and changes in the moisture content have little 
effect on the amount sorted while above this critical value the 
amount sorted increases greatly as the moisture content increases. 
Changes in the ratio of sorted hydrogen chloride to water are 
illustrated by Figure 23. If the system is considered to consist 
of the three components, flour, water, and hydrogen chloride, it 
would seem that at low moisture contents the flour should exert a 
greater influence than at higher moisture contents and vice versa. 
At the end of the measurements, an attempt was made to 
determine the amount of chloride in an aqueous slurry of the sample 
ty chemical analysis. None of the methods of analysis for chloride 
appeared to give meaningful results. 
Temperature effects accompanying sorption of HCl 
For the purpose of determining the temperature rise accompanying 
the sorption of hydrogen chloride ty flour samples held ty the 
microtalance pans, several experiments were carried out at room 
temperature as well as low temperature. It was hoped that these 
would provide an indication of the suitability (or lack of it) of 
an isothermal model. 
Room temperature Two tests were carried out to determine 
the apparent temperature rise of the flour samples under conditions 
similar to those used for measuring sorptions rates at room 
temperature. The flour samples with a normal moisture content 
99 
were contained in the usual cylindrical pans which were suspended 
in the tubular enclosure for the microbalance but the pans were 
supported by plastic covered copper wire instead of the quartz 
spring. An iron-constantan thermocouple made of 30 gauge wire 
was inserted in the center of each sample. The procedure used 
was similar to that used for determining sorption rates except 
that changes in sample temperature were measured instead of 
wei^ t changes. A dry gas mixture containing 3.0 per cent hydrogen 
chloride was passed over a sample at a rate of 1,050 std. ml./min. 
Initially the flour samples and the gas mixture were at room 
temperature. 
The results for both runs shown in Figure 24 were similar. 
The sample reached a maximum temperature rise of 2.7° C within 
the first 8 min. and then the temperature of the samples remained 
constant for the next 8 min., whereupon the observations were 
discontinued. The similarity in results was remarkable inasmuch 
as the grams of hydrogen chloride sorbed per gram of flour for 
the shallower sample should have been twice that for the deeper 
sample during the first 8 min. 
Loy temperature The test conditions and procedure were 
similar to those described above except for the temperature. For 
the present tests the flour containing 12.0 per cent moisture was 
stored in a refrigerator until it was placed in the balance 
pans. The cooling system was used for this low temperature 
Figure 24. Temperature changes occurring in flour undergoing the room temperature sorption 
flow rate, 1,050 std. ml./min. 
temperature, 26° G 
pressure, 1 atm. 
gas composition, 3^  HCl 
sample depths, 0.40 - 0.70 cm. 
moisture content, 12.0% 
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determination. When the flow of dry, cool gas was started, 
thermocouples imbedded in the flour samples indicated a temperature 
of 34° F. 
The subsequent changes in bed temperature during sorption 
were recorded in Figure 25. For both 0.4 and 0.7 cm. sample 
depths the temperature dropped 2° F during the first 1 to 2 
min. and then rose very quickly to between 37 and 38° F, whereupon 
it dropped more gradually. Although both samples reached their 
peak temperature in about 10 min., the shallower sample cooled 
off more rapidly. It is noteworthy that the peak temperature was 
reached at a time when perhaps only 20 to 40 per cent of the 
hydrogen chloride should have been sorbed. This can be seen 
from the sorption curves in Figure 12. It is also worth noting 
that the bed temperatures leveled out at 32 and 33° F respectively 
within 40 to 60 min. Consequently, any sorption runs continued 
for this length of time should be in temperature equilibrium by 
the end of the run. 
Sorption of HCl by wheat starch 
The sorption of hydrogen chloride by pure wheat starch was 
investigated to see if the starch component of flour is the 
controlling component as far as sorption of hydrogen chloride is 
concerned. Since the bulk density of the wheat starch with about 
12 per cent moisture was considerably greater than that of flour, 
the microbalance pans were loaded more heavily and it was not 
Figure 25. Temperature changes occurring in flour undergoing the low temperature sorption 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas composition, 3^  HCl 
moisture content, 12.0^  
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possible to sorb the maximum amount of hydrogen chloride without 
exceeding the capacity of the microbalance. Whereas cold flour had 
a greater bulk density than warm flour, the opposite -was apparently 
true in the case of starch, for the pans loaded with starch at 
room temperature weighed from 1 to 9 per cent more than ones loaded 
with cold starch. Bie resulting curves of sample weight plotted 
against time for runs made at room temperature are shown in Figure 
26. These agree fairly well with the curves presented in Figure 
7 for flour under similar conditions. Zhe curves representing runs 
made with starch at 34° F are given in Figure 27. The agreement 
between these curves and those for flour under similar conditions 
(see Figure 10) is poor. Perhaps this lack of agreement was due 
to differences in moisture content of the starch and flour. There 
may not have been sufficient control over this important parameter. 
Sorption of ammonia on flour 
One set of experiments for the study of ammonia sorption by 
wheat flour was conducted at room temperature while passing a gas 
stream containing 6.3 per cent ammonia at a rate of 1,089 std. 
ml./min. over the sample. A second set was made at 34 F while 
passing a gas stream containing 3 per cent ammonia at a rate of 
1,050 std. ml./min. over the sample. The results are presented 
in the form of weight gain curves in Figure 28 and 29, respectively. 
The weight gain curves are similar in appearance to those obtained 
with hydrogen chloride. They indicate that the rate of sorption 
Figure 26. Weight gained by wheat starch from a gaseous mixture of hydrogen chloride and 
nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 80° F 
pressure, 1 atm. 
gas composition, 3^  HGl 
sample depths, 0.15 - 0.70 cm. 
moisture content, 12^  
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Figure 27. Weight gained "by -wheat starch from a gaseous mixture of hydrogen chloride and 
nitrogen 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
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Figure 28. Weight gained "by flour from a gaseous mixture of ammonia and nitrogen 
flow rate, 1,050 std. ml./min. 
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increased greatly as the sample depth decreased. They also displayed 
considerable variation in the steady-state or apparent equilibrium 
quantity of ammonia sorbed for different sample depths. Under the 
same partial pressure and temperature the flour sorbed much less 
ammonia and the rate of sorption was smaller than for the case of 
hydrogen chloride. On the other hand_, the rate of sorption and 
total quantity of ammonia sorbed increased markedly when either 
the partial pressure was increased or the temperature decreased, 
•which again was similar to the behavior of hydrogen chloride. 
Sequential sorption of HCl and M3 
Several runs were made in which hydrogen chloride and ammonia 
were sorbed in sequence by flour. These runs were made with the 
following conditions in common: 
Initial moisture content 0.1298 gm.HgO/gm. dry flour 
Temperature 34° F 
Pressure 735 mm. Hg 
Gas flow rate 1,050 std. ml./min. 
Sample depth 0.40 cm. 
HCl concentration 0.96 vol. $ 
concentration 3.66 vol. # 
Dried nitrogen was used throughout this series of exi)eriments. The 
results of a typical run are shown in Figure 30 where the weight 
gained by the sample is plotted against time. The overall curve 
has the general appearance of one which could result from 
superimposing separate sorption curves for hydrogen chloride and 
ammonia, respectively. Similar curves were obtained for other 
experiments where the period of time allowed for hydrogen chloride 
Figure 30. Results of a typical run (lO-S) for sorption of hydrogen chloride followed hy 
sorption of ammonia "by flour 
flow rate; 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm, 
gas compositions, 0.96 vol. ^  HCl and 3.66 vol. ^  
sample depth, 0.40 cm. 
moisture content, 12^  
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sorption differed. All of these curves are plotted in Figure 31 
for comparison. One interesting aspect of the results is the mole 
ratio of the total ammonia sorbed to the total hydrogen chloride 
sorbed. Ihe ratio is listed below for the various runs. 
Mole HCl Adsorbed Mole M5 Adsorbed Mole EH3 
On. Dry Flour C5n. Dry Flour Mole HCl 
0.0003516 0.000870 2,47 
0.0006379 " 0.001621 2.54 
0.0007801 0.001392 1.78 
0.0009904 0.001650 1.67 
0.0011460 0.001897 1.66 
0.0018356 0.003033 1.65 
The ratio reaches a constant value -when the amount of hydrogen 
chloride sorbed exceeds a certain value. This is similar to 
the behavior observed idaere the ratio of hydrogen chloride to 
water sorbed also approaches a constant value. 
Figure 31. Summary of results for sorption of hydrogen chloride followed by sorption of 
ammonia "by flour 
flow rate, 1,050 std. ml./min. 
temperature, 34° F 
pressure, 1 atm. 
gas compositions, 0.96 vol. ^  HCl and 3.66 vol. % 
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0.10 
u 0.08 
È 
a 
(D 0.06 
Q 
Id 
cc 
o 
CO Q 0.04 
o 
0.02 
0 
0 
T"—! r 1 1——I r 
I NHa STARTED 
HCl STOPPED 
I 
I 
I 
I 
x" 
X'' 
1/ / 
1 I I r-—lA/ï" 
A 
/ 
_L X 
RUN N-
10-1 
10-2 
10-3 
10~4 
10-5 
10-6 
I ! 
:20 «sc) 
SORPTION 
60 
"IME, MIN. 
80 
/ 
V ¥ 
SAMPLE WT., GM. 
0.576 
0.538 
0.600 
0.567 
0.599 
0.595 
* I I 
100 120 180 
120 
MA.THEMATICAL EEPRESETOATIGN AND ANALYSIS 
Empirical Rate Equations 
Several special and/or simple, empirical equations which have 
been used to represent sorption kinetic relationships in other systems 
were investigated first to determine whether they might be applicable 
to the sorption of hydrogen chloride by flour. Usually, such 
empirical expressions were developed by incorporating a series of 
physical and chemical processes into one overall rate representation. 
The reason for taking such an approach is that frequently the 
concentration of materials at intermediate positions is not known, 
but instead only the overall concentration difference across several 
steps in a process is known. Therefore, it is convenient to express 
the rate in terms of the overall concentration difference. In 
most cases, however, it is not possible to interpret the physical 
process from an empirical representation which is usually limited 
in applicability to a certain system. 
An empirical equation represented by the following expression, 
as cited in Brunauer's text (12), was tested: 
in (1) 
"a - "A 
This model relates the amount of sorbate sorbed by unit weight of 
sorbent, W^ , at time t with that sorbed in the equilibrium state, 
W*. In the case of the sorption of hydrogen chloride by flour the 
A 
values of the two empirical constants, k and m, seemed to vary from 
one run to another as the important system parameters were changed. 
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!Ehis indicated some inadequacy in the model to represent the overall 
process. Another model (12) which was tested is: 
In = kt™ (2) 
For some runs this appeared to fit the data well but for others it 
appeared inadequate. 
According to De Boer (28) the process of physical adsorption 
is likely to be much faster than the process of diffusion through 
the capillary pores of a solid adsorbent. Consequently, whenever 
the overall process is controlled by the rate of capillary diffusion 
the rate equation will be of the form: 
= k (W* - \) (3) 
dt 
If initially the sorbent is free of sorbate, this expression can be 
integrated to yield: 
W| 
In = kt (4) 
" I  -"a 
As time becomes very large, should approach W*. Most of the 
sorption experiments were usually carried sufficiently long so that 
equilibrium should have been nearly attained. Theoretically, the 
equilibrium value of is only reached after an infinitely long 
time. There have been observations that in some cases sorption 
equilibria are reached only after many hours or even days. However, 
in order to obtain a reasonably good fit of this equation to the 
data obtained in this experimental investigation, it was usually 
necessary to revise the apparent equilibrium value. Then it was 
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found that the specific sorption rate k varied with the bed depth, 
flour moisture content; and hydrogen chloride concentration in the 
gas phase. In some other cases, the specific sorption rate is 
porportional to the diffusivity in the solid particle according to 
De Boer (28). Because of the temperature dependence of the 
diffusivity the parameter k in Equation 4 may also depend on 
temperature. After proper adjustment of the apparent equilibrium 
value, it appeared that this model is inadequate to represent the 
phenomena taking place in the present system. In general, an 
increase in either the hydrogen chloride concentration or the 
moisture content or a decrease in the bed depth produced an increase 
in the specific rate. 
Since the above empirical models did not fit the experimental 
data, a fresh approach based on a more rigorous analysis of the system 
was undertaken. As in most physical systems, if the model corresponds 
closely to what really takes place, the rate expression derived from 
the model will closely predict and describe the actual kinetics. 
From the discussion of the experimental investigation, it was 
clear that diffusion through the bed of flour did have an effect on 
the sorption rate. During the measurements of sorption rate with high 
partial pressures of hydrogen chloride, a gradual change in the color 
of the flour from the top of the sample downward was observed. It 
indicated that more gas had been sorbed at the top than at the bottom. 
This picture of molecular transport closely resembles the disper­
sion of gas through a porous media without the effect of bulk flow. 
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Fundamental Bate Equations 
A mathematical development was undertaken for the purpose of 
obtaining a fundamentally based mathematical representation of the 
sorption process taking place in a bed of flour. The procedure used 
involved obtaining an equation to represent the concentration of 
hydrogen chloride in the gas phase as a function of the bed depth and 
time. iEhis equation was then used to calculate the total amount of 
hydrogen chloride sorbed by the flour as a function of time. This 
provided results which could be compared with the experimental data. 
Following a conventional plan of attack, the mass, energy, and 
momentum balances were examined first. In this particular system, 
due to the absence of bulk flow throu^  the interstices of the 
particles the pressure drop could be neglected and the momentum 
balance could be excluded from the analysis. Although the heat 
effects were not negligible in this system, the observed temperature 
variations (Figure 25) in samples of flour undergoing sorption in 
a stream containing 3 per cent hydrogen chloride appeared small. 
Consequently for a first approximation isothermal conditions were 
assumed and this eliminated the energy balance from consideration. 
The mass balance for the hydrogen chloride in the gas phase of 
a differential element of the packed bed was represented by the 
expression : 
- e 7-J - (l - 6)  ^S^A 
9 t (5) 
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[This expression reduced to the following because of axial symmetry 
and the assumption that only axial diffusion occurred: 
This equation was subject to the following conditions: 
= 0 at t = 0 and z SE 0 
= CQ at t > 0 and z = 0 (?) 
îSà = 0 
 ^g at t 3» 0 and z = L 
The effective diffusivity was contained within the parentheses 
since it might depend on the concentration of hydrogen chloride. 
For hi^  polymer substances characterized by swelling while under­
going sorption, there is abundant evidence of a concentration 
dependency (24). Such a concentration dependence exists in most 
systems, but often, (for example in dilute solutions), the dependence 
is slight and the diffusion coefficient can be assumed constant for 
practical purposes. Of course, the diffusion coefficient may also 
depend on other factors which are often neglected. 
It is worth noting that there are nmierous practical examples 
of processes, such as gas separation, ion exchange, gas chromato­
graphy, heterogeneous reaction in fixed beds, gas diffusion 
throu^  porous media and membranes, and dyeing, which lead to similar 
mathematical expression. Although no difficulty was encounted in 
locating earlier studies in these fields. Crank's work (23) was 
the one most closely related to the present investigation. Many 
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mathematical attempts have been made to describe quantitatively 
single-component diffusion through media in which some of the 
diffusing substance becomes immobilized; physically or chemically, 
as diffusion proceedes. Each mathematical development has been 
based upon a particular set of assumptions, which in turn determined 
the ability of the resulting equations to describe dynamic sorption 
realistically. 
In order to obtain an equation relating only the composition 
of the gas phase, time and position it was necessary to find another 
expression relating the sorption rate to the composition of the gas 
phase. This could be done for either the case where sorption was 
instantaneous or for the case where it proceeded at a finite rate. 
If the transfer of the sorbate from the gas phase to the solid 
took place at a finite rate, there were several possible functional 
representations of the rate. One of the simplest was for the case 
of first order irreversible sorption which is represented by the 
expression: 
•at = (8) 
Solutions of the equation obtained by substituting the expression 
in Equation 6 have been published in standard monographs on 
diffusion and adsorption (7, 12, 23) in terms of a series of 
exponential terms or error functions. Danckwerts (27) has also 
presented a method of solving the equation, by a simple transformation 
of the solution obtained for the case where the sorption is neglected. 
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This model was tested for the sorption of hydrogen chloride by flour, 
but it appeared inadequate. 
Another functional representation of the sorption rate is 
given by the following expression for the case of higher order, 
irreversible sorption: 
Hà. = (8a) 
3 t  ^
This might be observed where sorption is accompanied by chemical 
reaction. Kalaba (55) has developed a quasilinearization method 
for obtaining approximate solutions or (more easily) numerical 
solutions of the equation obtained by combining Equation 6 and 8a. 
Reversible adsorption has been represented commonly by a 
linear driving force expression. This expression has taken one of 
the following forms, the form depending on whether the gas phase, 
solid phase or both provide rate controlling resistances (95): 
# = ® (9) 
 ^= kp (¥| - W4) (10) 
"ïl ° - y (11) 
Equation 9 has been applied historically to mass transfer operations 
where the gas film was presumed to be the controlling resistance. 
On the other hand. Equation 10 has been used where the solid phase 
resistance was controlling and Equation 11 where both phases were 
controlling. In these rate equations, the problem of correlating 
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and predicting the mass transfer rate constants, that is k^ , and 
k , is not an easy task, since the constants depend on conditions 
Pg 
such as gas velocity in a flow system, sortent particle size, type 
of sorbate, temperature, pressure, and some others. Numerous 
papers in the field of dynamic adsorption have analyzed cases where 
the mass balance contained a bulk flow term instead of a longitudinal 
diffusion term. Crank (23) has presented a mathematical analysis 
of Equation 6 combined with a rate equation of the type : 
# = 
This described a transfer situation where the immobilized solute 
was formed at a rate proportional to the concentration of solute 
free to diffuse, and disappeared at a rate proportional to its own 
concentration. When the sorption process has a linear isotherm, the 
general rate expression (Equation 9) reduces to Equation 12 since 
C* = RW^ . Since the isotherms for sorption of hydrogen chloride 
by flour were not linear and since the mass transfer coefficients 
could not be estimated readily, no attempt was made to utilize one 
of the linear driving force expressions for reversible sorption. 
In some sorption processes where the resistance to diffusion 
is large compared to the resistance to sorption it is possible to 
assume that local equilibrium exists between the free and immobilized 
sorbate. In other words, diffusion is the rate-controlling step in 
such a process. 
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Houston (52) rearranged Equation 12 into the form: 
-df = KGA - *A (13) 
and called attention to the fact that where is very large 
compared to the rate of adsorption the equation reduces to a linear 
sorption isotherm expressed as : 
"A = (14) 
Crank (23, 24) used a numerical approximation method to solve 
a problem involving adsorption controlled by the diffusion rate for 
the case of the Freundlich type adsorption isotherm shown below. 
\ = KC/ (15) 
For the special case where "9 C^ / 3 t may be neglected compared 
with 3 W^ / 3 t, Equation 6 reduces to : 
Pe-é) (1 - e) 3% ^ \ (16) 
€ at 3z^  ® 3 z 
If the sorption is instantaneous, it is possible to substitute an 
expression for the sorption isotherm for C^ . Equation 16 then 
becomes an expression for a simple diffusion process with variable 
diffusivity. The possibilities for solving such non-linear diffusion 
equations have been discussed in several papers (l, 2, 24, 78). An 
exact solution is obtainable only for the diffusion equation with 
semi-or doubly infinite boundary conditions by use of the classical 
Boltzman similarity transformation. Ames has presented a detailed 
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discussion of this subject (l, 2) . The methods exploited by many 
others (24, 79) are approximate or numerical in nature. 
Crank and Henry (24) developed a method for calculating the 
rates of adsorption and desorption for the preceding case with 
finite boundary conditions. In their work, an assumption was made 
that in the early stages of diffusion when the concentration of 
penetrant has not become appreciable inside the medium, the problem 
reduces to one of diffusion into a semi-infinite medium. In the 
later stages, an approximate numerical solution can be used for 
evaluation. In another study Crank and Ikrk (25) developed a 
sophistical method to obtain the diffusivity-concentration relation 
for the preceding problem from the overall sorption-time curves 
which were experimentally obtained. 
An application of the weighted residual methods, which 
belong to one of the approximate methods for obtaining solutions 
of non-linear partial differential equations in the form of 
functions, has been published by Pajita (40) for the general case 
of a concentration-dependent diffusion coefficient problem. This 
method of moments was developed for a diffusion problem with finite 
boundary conditions. 
For the analysis of the present system, the assumption was 
made that the instantaneous sorption model discussed above could 
be used to represent the simultaneous diffusion and sorption process 
under investigation. Thus Equation 6 with its associated boundary 
conditions were used to mathematically represent the present sorption 
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process. On substituting for 3%/st from the non-linear equilibrium 
isotherm, which is developed in the next section, Equation 6 
became a non-linear partial differential equation of the parabolic 
type. No analytical methods were located for solving this non­
linear system with its finite boundary conditions, however, there 
exist several methods for numerically approximating the equations 
or for simulating the process by a Monte Carlo technique. 
Sorption Isotherm Equations 
As discussed earlier there are several expressions which can 
be used to fit experimental equilibrium isotherm data for either 
physical or chemical sorption. Some of the well-known ones are 
the Freundlich, Brunauer-Eramett-Teller and Langmuir equations. Of 
the three, the first one is rather empirical while the last two 
are theoretically based. An attempt was made to fit these equations 
to the data presented in Figure 20 for the sorption of hydrogen 
chloride by flour at 34° F. 
!Ihe Freundlich equation (Equation 15 in the preceding section) 
which is relatively simple in form was the first one tested. This 
model appeared to fit the experimental data reasonably well except 
at the lowest hydrogen chloride partial pressure. Both the empirical 
constants varied with flour moisture content but in a different way, 
K increasing and n decreasing as the moisture content increased. For 
the mi niimm and maximum moisture contents tested, the constants had 
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the following values ; 
ûn. HgO 
Gm. Dry Flour K n 
0.0071 0.0016 0.5 
0.2379 0.0520 0.3 
Ihe Brunauer-Eramett-Teller equation shown below also fits the 
experimental data reasonably well. 
^ = J- + s-l % (17) 
9^0 - V "A.S P„ 
The greatest deviation from this equation was exhibited by the data 
which correspond to the lowest moisture content and smallest hydrogen 
chloride partial pressure. For moisture contents equal to or 
greater than 0.095 gm. EgO/gm. dry flour, the intercept of the 
preceding equation correlated well with moisture content as follows : 
= - 0.167 M + 0.049 (18) 
Ml 
For moisture contents equal to or greater than 0.068 the slope of 
the Brunauer-Emmett-Teller equation was correlated with moisture 
content by the following expression: 
-IzL = 3.5 (19) 
V 
By combining the last two equations the following equation was obtained 
which correlates the constant S with the moisture content M. 
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8 = 1 - 0.585 #0-86 + o.l7 (go) 
A somewhat more complicated expression can also be obtained which 
relates to the moisture content. 
2he following equation which is basically a form of the 
Langrauir relation was also tested: 
% ' rrhf 
Here again the best fit was obtained with data taken with flour 
having the higher moisture contents. 
The following relation which is a general extension of the 
preceding equation was also investigated: 
-2 - + kg CÎ + + 
Œhe method of least squares was used to fit this equation to the 
apparent equilibrium data. A digital computer program (Appendix B) 
was prepared and used for this purpose. 
The coefficients in Equation 31 were determined for a series 
of different order fits up to the fourth order respectively. The 
typical curves are given in Figures 32 and 33 for the first order, 
linear equations. The coefficients and kg for the first order 
case are plotted against flour moisture content in Figures 34 and 
35. It is apparent that both of these coefficients were greatly 
affected by the flour moisture content, the greatest changes taking 
place at lower moisture levels. Above a moisture content of about 
0.1 gm. HgO/gm. dry flour the coefficients were nearly independent 
Figure 32. Langmuir isotherm for flour with larger moisture 
content at 34° F 
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of the moisture content. A visual comparison of the fit obtained 
with higher orders did not seem to justify the use of an expression 
of order higher than one. 
Numerical Analysis and Computer Programming 
îhis section is devoted to presenting the procedure used to 
convert the differential equation into a finite difference form 
and the subsequent programming for computer solution. Equation 22 
truncated to the first order as shown "below was differentiated and 
combined with Equation 6. 
" • ^ 
The resulting differential equation appeared as follows when the 
effective diffusivity was assumed to be constant: 
aSa^  _  ^9Ca  ^ ^^ A (24) 
1 2^ ^ A^  
^ = e _ ^ + ( l _ € )  .  _  
r  ^
a%A 1 
D, e 
Ï + (ki + kg C^ )^  [ 3 t (25) 
The following dimensionless variables and parameters were introduced: 
Sà = C, 1 = 7  ^= 
c„ ' L (. 
= ; 
; • 2 
"o  ^ V 
kg = kgC^  
In terms of the dimensionless quantities the differential equation 
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became : 
(27) 
with the initial and boundary conditions 
0 = 0 at T - 0 and — 0 
at and 'J = 0 (28) 
at ? 0 and y = 1 
0 = 1 
There are a number of numerical methods for solving partial 
differential equations of the parabolic type. Of the various 
methods only that of finite differences stands out as being 
universally applicable to both linear and non-linear systems. An 
excellent survey of numerical methods for parabolic differential 
equations has been prepared by Douglas (30). By using a predictor-
corrector modification of the Crank-Mcolson difference equation, 
Douglas and Jones (3l) obtained a solution of the following boundary 
value problem: 
Many applications of predictor-corrector methods for the numerical 
solution of ordinary differential equations have been published 
(36, 71). 
(29) 
u(»^ , o), u(0,T), u(l,'%:) specified at 
0 c ^ 1 
0 < t it Tg 
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For a function of the form 
F = 8l U, + gg ) (30) 
the predictor 
 ^ . (31) 
for i = 1, 2, , N + 2 
followed by the corrector 
 ^ (33) 
F "^ 0+1/2, "i,j+l/2, "i,P J 
leads to a set of linear algebraic equations which can be used for 
the prediction of the independent variable. Instead of Equation 
31; a modified Crank-Mcolson predictor 
A + %}) . (33) 
F 
may be used to obtain equivalent results. The following notation 
applies to the preceding relations : 
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f l  = i^i f ,  = 3^x ,  Ul, j  = U( t ' j )  
(34) 
= ir^ , <&% = Tg M-1, 
where N and M are positive integers. 
Douglas and Jones have proved that the predictor-corrector method 
defined previously converges uniformly to the solution of Equation 
The modified Crank-Nicolson predictor (Equation 33) and the 
corrector (Equation 32) were used in the numerical integration of 
Equation 27 for the given boundary conditions. Details are presented 
in Appendix A. 
A problem arose because of the singularity or discontinuity 
in the hydrogen chloride concentration function at the surface of 
the bed. At the beginning of a run it was assumed that the 
concentration jumped instantaneously from = 0 to = 1. In 
this analysis two different methods were applied to obtain a solution 
near the point of discontinuity. One approach was to assign a 
value of CQ = 0.5 at the beginning and after the first increment 
Cg = 1 for all subsequent increments. Another approach was to use 
an exact solution of the simple diffusion equation obtained by 
neglecting the sorption rate term in Equation 27. As a result; the 
equation to be solved was simply: 
29 with 
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3 C _ S^ C 
at 9^  (35) 
When this was solved with the appropriate boundary conditions the 
solution obtained was : 
The procedure of approximating the full equation (Equation 27) by 
the predictor-corrector method started after the hydrogen chloride 
concentration profile was predicted by Equation 36 at 'TT = 0.00001. 
The details of solving Equation 35 are not presented here, since 
several publications (l7, 23) present methods of solution. In 
evaluating Equation 36 the complimentary error functions were 
evaluated by the following series which applies for small values 
of x: 
An approach, which was not tried, involves the adoption of new 
independent variables. The classical similarity transformations 
are often useful or suggestive of other transformations. In the 
present analysis,there were no significant differences in the 
results obtained by the first two methods. Therefore, the simplest: 
approach of selecting a fixed value for the initial point was adopted 
for all computations. 
After the hydrogen chloride concentration profile in the gas 
phase was found at any time, the total amount of material sorbed by 
(36) 
erfc X = 1 - erfx = 1 
_2 g (_i)%2n+l 
n=0 (2n+l) n / (37) 
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the wheat flour was obtained hy using the following relation: 
I' (-) 
The procedure used for numerically integrating this equation is 
given in Appendix A. 
The 'numerical procedure developed in Appendix A for the predictor-
corrector method followed by the integration process to obtain the 
total amount sorted was written in Fortran language. The grid points 
for a given sorption time were calculated first and then an 
iteration scheme was used to march the calculation toward the 
end of the sorption time. These calculations were performed on the 
IBM 360/50 digital computer. The complete computer program is 
shown in Appendix C. 
Since the implicit finite difference method used in this 
work is stable for any positive value of the ratio  ^^ 
there were no stability problems. However, the respective increment 
sizes do affect the computation time and accuracy of the results. 
Consequently some compromise must be made between the computation 
time and the accuracy. In this work the following increment sizes 
were used: 
A.Z  ^t Remarks 
0.02 0.025 used up to t = 2 min. 
0.02 0.025 used after t = 2 min. 
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Comparison of Results 
in simulating the sorption process taking place in a shallow 
fixed-bed, several simplifying assumptions were made, partly because 
complete information about the complicated system was lacking. A 
comparison of experimental data with predicted values was the main 
concern of this analysis. In addition, the effect of various 
system parameters and conditions were studied and are presented in 
that section. 
Quantitative information on the equilibrium isotherms and 
other physical constants such as the effective diffusivity and 
void fraction were needed as computer input data. These were 
provided by the experimental results and by estimation. The least 
squares fit of the isotherm data was discussed earlier for the 
simplest form,that is, the Langmuir equation. 
An approximate method was used to evaluate the void fraction 
or ratio of flour volume to bed volume. Obviously, the flour 
volume can be calculated, if the value of the true density is 
available. However, no attempts were made in the present study 
to experimentally determine the true densities of the flour 
samples with different moisture levels. As mentioned in the 
literature review, the use of a swelling factor for estimating the 
true density of swollen flour granules was suggested by Gracza and 
Greenberg (4l). Irani and Fong (54) reported an average value of 
1.44 for the specific gravity of flour in their determination. In 
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this work; the well-known partial volume rule was used for estimating 
the total volume of moisture laden flour. Thus it was assumed that 
the volume of the flour is the sum of the volume of dry flour and 
volume of associated condensed water. This assumption would be 
valid if the addition of water to flour behaved as an ideal solution. 
The density of the flour particles was calculated for different 
moisture contents by using the following formula: 
f ^ 1.44(H-M) (38) 
' W fdf : + 
The values obtained for particles of different moisture content are 
shown below: 
M 1 f 
0.2379 1.32 
0.2118 1.33 
0.1980 1.34 
0.1653 1.35 
0.1298 1.37 
0.0953 1.39 
0.0679 1.40 
0.0334 1.42 
0.0071 1.43 
In order to estimate the porosity of the individual sample the 
following expression was used: 
Mp 
e = 1 _ 
f fV f 
(39) 
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where Mf was the sample weight and Vf . was the pan volme. The 
void fraction determined in this manner for the various runs are 
listed in Appendix D. 
Since diffusion through the tortuous passages of a packed bed 
is not the same as diffusion through a stagnant volume of gas, an 
effective diffusivity Dg was used in place of the normal diffusivity. 
No experimental measurements of diffusivity were carried out in this 
study, althou^  conventionally it must be measured experimentally. 
In general, the effective diffusivity depends on pressure, temperature, 
concentration, and pore structure of the bed. Since the actual 
mechanism for diffusion through interstices between particles 
and in porous media is complex, it is very difficult to predict 
values of effective diffusivity. For transient flow of gas 
through unconsolidated beds, the permeability coefficient is 
related to the diffusivity by 
K = Ê D 
P 
The above relationship is obtained by comparing Pick's second law 
of diffusion with a general differential equation for transient 
flow which results from substituting Darcy's law into the equation 
of continuity (l6). For non-uniform pore structures, a tortuosity 
factor q should be included in Equation 48 which results in the 
relation : 
K =  ^P (41) 
P q 
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The reduced rate of diffusion through a porous body is due in part 
to the reduced cross-sectional area available for gas movement and 
in part to the increased path length imposed by the tortuous nature 
of the channels. ThuS; the relation between diffusion and porosity 
may be expressed in the form (76): 
De = Df(6) (42) 
Where, for certain systems, -fi^  ) = or It has also 
been suggested that the effective diffusivity for some system may 
be given by (l7): 
= D e (43) 
which is a form similar to Equation 40 while Dg is taken as Kp. 
This relationship was used in the present study as basis for a 
first approximation. 
The Chapman-Enskog formula was used for estimating the normal 
diffusivity of the gaseous .hydrogen chloride-nitrogen pair. A value 
of 7.968 cm.^ /min. was obtained for the experimental conditions. 
The calculated results of the preliminary computer runs 
deviated somewhat from the experimental runs. It was anticipated 
that the inaccuracy of the physical constants might turn out to be 
the major source of error. Consequently several different values 
of void fraction and diffusivity were used to determine the effects 
produced by changes in these parameters. Of course, the sorption 
isotherms were subject to error and this is discussed later. In 
addition some errors were introduced by the numerical approximation. 
As argued in the last section, the computational errors may 
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cause the approximate numerical solution to be incorrect. Usually 
the truncation error is relatively less serious than other types of 
computational errors resulting from the use of implicit finite 
difference formula. Another type of error in the course of a 
numerical computation is the one produced by rounding-off of numbers. 
This round-off error is inevitable althou^  some procedures can be 
used to minimize it. In order to yield accurate results, rather 
fine increments were required. Within the allowance of computer 
time; several sizes of increments were tested, then a reasonable 
value was selected for the computations which followed. 
!Ehe single Runge-Kutta integral process produces some errors 
if the increments are not fine enou^ . There are some ways 
available for compensating for these errors, such as an automatic 
monitoring scheme to maintain the magnitude of the errors within 
preassigned bounds as the computation marches from point to point. 
However, the error compensating methods did not appear very 
applicable for the present case because they require a lot of 
computer time. 
Effect of diffusivity 
The effect of the diffusivity on the predicted values was 
investigated by varying the effective diffusivity while holding the 
other conditions constant. Some representative results are shown in 
Figures 36 to 41 for different hydrogen chloride concentrations and 
flour moisture levels. Experimental values are also shown for 
Figure 36. Comparison of calculated and experimental sorption curves under various effective 
diffusivities. The measured values are shorn as geometrical symbols, the 
calculated curves are shown as lines. 
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comparison. The results for the higher moisture levels are shown. 
in Figures 36 and 37. As was to be expected, increasing the 
diffusivity increased the sorption rate. A closer correspondence 
between the predicted and experimental values was obtained in the 
beginning when the diffusivity was small while near the end of the 
sorption period a better fit was obtained when the diffusivity was 
large. The results for the intermediate moisture levels are shown 
in Figures 38 and 39. A close correspondence was obtained between 
the observed and predicted values when a relatively small diffusivity 
was used. The results for the lower moisture levels are presented 
in Figures 40 and 41. The agreement between the measured and 
predicted values was poorest for this case. However, it appeared 
that the value of the diffusivity should be about the same for the 
lower and intermediate moisture levels. On the other hand, the 
diffusivity appeared to increase with moisture content at higher 
levels. It is suspected that the greater discrepancy between the 
observed and calculated values in the case of samples with smaller 
moisture contents and/or lower hydrogen chloride concentrations may 
have resulted from an inaccurate representation of the sorption 
isotherms, especially at the lower sorbate concentrations. Further 
discussion of this will be presented later. 
From these studies it is apparent that the resistance to 
diffusion is greater for flour with the lower moisture contents. 
This seems to imply that flour with the higher moisture contents 
may have a larger pore size, because of swelling effects, which makes 
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diffusion throu^  and into the sortent easier. 
Althou^  it was assumed in the above analysis that the effective 
diffusivity is constant throu^ out the sorption process, it is 
possible that it actually varies, in order to investigate this 
possibility the effective diffusivity was taken to be a function 
of the hydrogen chloride concentration in the gas phase. Two 
different functional relationships were assumed. In the first 
case it was assumed to be a linearly increasing function of the 
concentration while in the second an exponential function. Ihe 
linear function did not give reasonable results. However, the 
exponential function did appear to give reasonable results as 
illustrated by Figure 42. Hie question of variable diffusivity 
was not pursued farther because it would have required a lot of 
computer time. 
Effect of void fraction 
In the work discussed up to this point, values of the porosity 
e were based on a specific gravity of 1.44 for dry flour particles. 
In order to investigate the effect of varying the porosity, two 
additional values for the specific gravity of dry flour were assumed. 
Values of 1.6 and 1.3 respectively were chosen to represent possible 
extremes. Again the porosity of moisture laden flour was calculated 
on the basis of the partial volume rule. Some typical results 
obtained by varying the porosity are presented in Figures 43 to 46. 
Figure 42. Comparison of calculated and experimental sorption curves under an assumption of 
variable diffusion coefficients. The measured values are shown as geometrical 
symbols, the calculated curves are shown as lines. 
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In general; increasing the porosity increased the sorption rate. 
Of course, this was to be expected because increasing the void 
fraction should increase the space available for diffusion and 
consequently reduce the resistance to diffusion. Moreover the 
effective diffusivity was taken to be the product of the normal 
diffusivity and the porosity. From the given results it was 
difficult to distinguish between the effects produced by increasing 
either the effective diffusivity or porosity. For example, the 
calculated curves were closer to the experimental curves for large 
moisture contents when larger values of porosity were used while 
just the opposite was true for small moisture contents. In 
addition, changes in porosity produced changes in the curves 
similar to the changes produced by varying the effective diffusivity. 
Effects of non-linear isotherms 
Some attention was given to the possibility that the Langmuir 
equation does not adequately represent the sorption isotherms for 
the sorption of hydrogen chloride by flour and the consequent error 
introduced in the predicted curves. A fourth order polynominal 
expression (Equation 22) was applied for a couple of computer runs. 
The results obtained by using this alternative isotherm did not 
change the calculated values significantly. 
Since experimental equilibrium data were not obtained for small 
hydrogen chloride partial pressures, the exact shape of the sorption 
isotherms was not known for the low pressure range. Instead of the 
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straight lines assumed, in the construction of Figure 21 a better 
representation of the isotherms might have been an elongated "S" 
form as suggested by De Boer (28). iEhus, the use of the Langmuir 
equation to extrapolate into the low pressure range may have 
introduced some error. 
Effects of boundary conditions 
It vas suspected that the assumption of a constant concentration 
at the surface of the bed may not have been an accurate picture of 
the actual process. Crank (24) described a physical process of 
diffusion and sorption with variable surface concentration. 
The change in surface concentration was represented by the 
relation : 
(M) "A 
at t > 0 and z = 0 
For finite values of /S the resulting sorption-time curves, which 
showed the total amount sorbed as a function of time, were sigmoid 
shaped. On the other hand, when jS was chosen to be infinitely large 
the sorption-time curve was linear in the beginning. 
Due to the similarity between the experimental results of the 
present study and the sorption-time curves obtained by Crank it was 
thought that the present process might be represented more accurately 
by using the same relation (Equation 44) to represent the concentration 
of hydrogen chloride in the gas phase at the bed surface. Three 
values of the arbitrary constant ^  were tested in order to see if the 
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computed sorption-time curves could be brou^ t closer to the 
measured curves. The results are presented in Figures 47 to 50. 
It can be seen that a good fit was obtained in most cases when 
was chosen equal to 0.10. In order to determine the effects of 
apparent diffusivity on the computed values while and are 
held constant, a couple of computer runs were made for the flour 
sample with rather low moisture contents. Figures 51 and 52 shows 
that a better agreement was obtainable as a lower value of and 
a higher diffusivity were used in the analysis. 
From these studies it appears that the sorption-time 
curves can be closely approximated by using the exponential relation 
to represent the surface concentration and an effective diffusivity 
which increases with the flour moisture content. 
Figure 47. Comparison of calculated and experimental sorption curves under an assumption of 
variable surface concentrations. The measured values are shoTOi as geometrical 
symbols, the calculated curves are shown as lines. 
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variable surface concentrations. Ihe measured values are shown as geometrical 
symbols, the calculated curves are shown as lines. 
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Figure 49. Comparison of calculated and experimental soiption curves under an assumption of 
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symbols, the calculated curves are shomi as lines. 
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SUMMAJRY Aï© CONCnJSIONS 
An experimental investigation "was carried out to measure the over­
all sorption rate of hydrogen chloride by soft white winter wheat 
flour using a quartz spring microbalance. The determination was 
made by continuously weighing a sample of flour contained in a small, 
flat-bottomed, cylindrical pan suspended from a quartz helix in a 
controlled environment. The principal parameters varied were sample 
depth, temperature, hydrogen chloride partial pressure, and flour 
moisture content. The apparent sorption rate of ammonia by soft 
white wheat flour and acid-modified flour, respectively, was also 
measured in a similar manner for a limited set of conditions. Dae 
to the experimental difficulty of controlling the moisture present 
in flour, most of the sorption measurements were undertaken at 34° F, 
althou^  some of the measurements were conducted at room temperature. 
Apparent equilibrium data for the hydrogen chloride-flour-water 
system was also obtained for 34° F. Conclusions derived from the 
experimental results were : 
1. All of the parameters had an important affect on the 
sorption rate. 
2. The apparent sorption rate increases as the flour moisture 
content and hydrogen chloride partial pressure increase 
and as the temperature and sample depth decrease. 
3. With a sample depth of 0.15 cm., temperature of 34° F, 
and a flour moisture content of 14 per cent, the rate of 
sorption from a gas stream containing 3 per cent hydrogen 
chloride was quite rapid and it required only 1 min. to 
attain the concentration of 0.02 gm. HCl/gm. of sample. 
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4. jChe sample temperature -was observed to rise several degrees 
during the first 10 min. of hydrogen chloride sorption 
and then gradually subside. 
5. There was no way of entirely preventing the simultaneous 
sorption or desorption of water vapor as either hydrogen 
chloride or ammonia were being sorbed. The amount lost 
appeared to be small at 34° F. 
6. The rate of ammonia sorption appeared to be slower than 
that of hydrogen chloride sozption and this was probably 
due to a smaller driving force because the total quantity 
of ammonia sorbed under equilibrium conditions was much 
smaller than the quantity of hydrogen chloride. 
7. When hydrogen chloride and ammonia were sorbed sequentially 
by the same sample, the sorption rates for both gases 
appeared to be of the same order of magnitude. As a 
result, when ammonia is used to neutralize flour which 
has been treated previously with hydrogen chloride, very 
high rates of ammonia sorption can be anticipated. 
The sorption of hydrogen chloride by soft white wheat flour 
in a shallow fixed-bed at low temperature was simulated with a 
mathematical model. The conditions and assumptions used in the 
formulation of the problem are stated below. 
1. The non-linear equilibrium isotherms obtained experimentally 
were used in the form of the Langmuir equation. 
2. The system was assumed to be isothermal. 
3. The sorbed component was assumed to be in equilibrium. 
4. Diffusion of hydrogen chloride through the bed was 
asstmied to be the rate controlling step in the process. 
5. Both the case of a constant surface concentration and the 
case of a variable surface concentration were considered. 
A computer program was developed for solving the mathematical 
equations to predict sorption-time curves. These curves were 
compared with the experimental sorption data. Good agreement 
between the calculated and measured values was obtained when a 
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variable surface concentration and. proper values of the effective 
diffusivity were selected for the prediction. From this analysis 
it appears that the effective diffusivity increases with the flour 
moisture content. 
Since the experimental data were consistent with the proposed 
mechanism, it appears that the rate of sorption of hydrogen chloride 
by flour in shallow beds may be controlled by the rate of diffusion 
throu^  the bed. 
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NOMBNGIATORE 
A = a constant defined by Equation 21 
B = a constant defined by Equation 21 
C = dimensionless concentration 
= concentration of sorbate in gas phase, gm./ml of gas 
C* = equilibrium concentration of sorbate in gas phase, 
 ^ gm./ml of gas 
Cq  = concentration of sorbate at the surface of bed, 
gm./ml of gas 
D = diffusion coefficient, diffusivity, cm^ /min 
Dg = effective diffusivity, cm^ /min 
f = an algebraic function 
F = an algebraic function 
= an algebraic function 
gg = an algebraic function 
H = sorbed HCl concentration, gm.HCl/gm. flour 
i = subscript in z direction 
j = subscripts in time direction 
k = rate constant 
ki, kg constants defined by Equation 22 
k^  = rate constant for desorption 
kg = rate constant for the gas phase control mechanism 
kpg = rate constant for the combination mechanism 
kg = rate constant for sorption 
K = equilibrium constant for the linear isotherm 
k = rate constant for the particle control mechanism 
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Kp = permeability coefficient 
L = total bed depth, cm-
m = a constant defined by Equations 1 and 2 
M = moisture content; gm. H20/gm. dry sorbent 
= mass of flour, gm. 
n - = a constant defined by Equation 15 
= partial pressure of component A, mm Hg 
P* = partial pressure of component A at equilibrium, mm Hg 
PQ = saturation pressure of sorbate, mm Hg 
q = tortuosity factor 
R = equilibrium constant for linear isotherm 
5 = a constant defined by Equation 17 
t = sorption time, min. 
T = sorption temperature, °G 
Tg = total sorption time, min 
U = dependent variable defined by Equation 29 
Yf = volume of sample pan, ml. 
= amount of sorbate sorbed by sorbent, gm of sorbate/gm. 
of dry sorbent or cm^  of sorbent 
= equilibrium amount of sorbate sorbed by sorbent, gm. of 
sorbate/gm. of dry sorbent or cm^  of sorbent 
= amount of sorbate sorbed in the monolayer sorption, 
gm of sorbate/gm of dry sorbent 
WQ = amount of sorbate sorbed at the surface of bed, gm of 
sorbate/gm of dry sorbent or cm^  of sorbent 
z = length of fixed bed or distance in z direction, cm 
6 = a constant defined by Equation 44 
204 
void fraction in the fixed bed, dimensionless 
dimensionless length 
density of dry flour particles, gm./ml. 
density of moist flour particles, gm./ml. 
density of liquid water, gm./ml. 
dimensionless time 
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APPENDIX A. DETAILED PEESEMCATION OF NUMERICAL ANALYSIS 
The following equation for predicting values of concentration 
at the intermediate time point (j+l/2) \ra.s obtained by combining 
Equations 27 and 33 and using the notation of Equation 34: 
j(Ci+l,j+l/2 + Ci+l,j)-2CCi,j+i/2 + Ci,j) + (Ci_i,j+i/2 + 
r j+l/2 - i^;j) (A-1) 
^-r /2 {ki + Kg Ci,j)2 
Similarly the equation shown below for correcting the concentration 
at the point j+1 was obtained by combining Equation 27 and 32: 
"(Cj+lJ+l + Ci+l,j)-2(Ci,j+i + Ci,j) + (Ci_l,j+1 + Ci-l,j) 
1/2 ( - 7  
=  1 . ^  i  ( A - 2 )  (ki + Kg Ci^j+i/2)2 ^-C/2 
It is clear that, by virtue of this approach, the first approximation 
given by the 'predictor' can be improved by the use of more accurate 
values given by the 'corrector' formula. Equations (A-1) and (A-2) 
produce linear algebraic equations for the calculation of the finite 
difference approximation. Rearrangement of those equations leads 
to the following for the predictor and corrector respectively: 
Ci+1, j+l/2 "«^p,i ^i, j+l/2 + ^ i-1; j+l/2 
Ci+1, j+1 -«=^ 0,1 j+1 + Ci_i, j+1 
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n .  . \ 2  
where the symbols are defined as follows : 
P;i ~ 2(l+Y^^i) 
.2-0,1 = 2(i+Tr;^i) 
P p,i = 2(1-
(3 c,i " 2(1-
(l-^) n. , .2 
l + (A-s) 
(kl + % Ci,j)2 I 
I (kl + % Ci,j+i/2) / 
°/®P,i Ci,j - (Ci+l, J + j) 
<C,i Ci,j - ( 1^1+1, j + °i-l, j) 
IThe initial and boundary conditions associated with Equation 
27 can also be converted to the finite difference form. 
Ci i = 0 at j = 1 and 1 < i 6 N + 1 
= 1 at j > 1 and 1=1 (A-6) 
1 and i = N + 1 3C 9 
where 1 = 1, 2, , N+2 and j=l, 2, , M+2. 
Upon rearranging, the last boundary condition in Equation A-6 leads 
to : 
C^ i^+l, j " "^ i-l, j 3 i = W+1 
which is applicable to any mesh points in the ~C -direction. 
Applying these known conditions to Equation A-3 results in the 
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following set of simultaneous linear equations which correspond to 
the W+1 mesh rows in the direction: 
-<^ p,2 ^ 2, j+l/S + ^ 3; j+l/2 = 
Cgj+l/g 03, j+l/2 + C4, j+1/2 
C3,j+l/2 -^p,4 C^,j+l/2 + °5,j+l/2 = <^,4 
(A-7) 
CN_l,j+l/2 % j+1/2 + %+l,j+l/2 
2Cnf^ j+l/2-<J^'p,N+l; j+1/2 =<^,W+1 
^p,2 =/^p,2%,j - - Ci,j+1/2 
«^ p,! Ci,J - C^i+l,j + ^ i-l. j) 1=3' 4,—-N 
^P,n+1 =/^p,ffl-iCïï+i, j - 2% j (A-8) 
where 
The matrix of the coefficients also has a tridiagonal appearance. 
Obviously, the Thomas algorithm can be employed to solve this syètem 
of simultaneous equations (ll). Without presenting in detail, the 
following relations are utilized, 
(^N+1 " 
i^ ^  6p;i " %),i ^ i+l 0 1 i N (A-9) 
1 
where 
-'^p,2 
--^p,2 
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q.p,i - — 
-oTp.i - q.p,i-i 
3 < i ÏÏ 
Ep, l  = 3 ^  E 
The coefficientsJ q's and g's are successively calculated in the 
order of increasing i and the values of the concentration are then 
calculated in the order of decreasing i. 
After introducing the computed results from the predictor into the 
corrector, one is able to move from the (j+l/s) to (j+l) time row. 
The same procedure applies to another set of simultaneous 
equations produced from the corrector. 
Once the concentration profile for hydrogen chloride in the gas 
phase is known from the preceding for any j+l time row, it is 
possible to calculate the total amount of hydrogen chloride sorbed 
by the entire bed of flour at that particular time. This evaluation 
can be done by integrating the concentration of sorbate in the solid 
phase over the entire bed as shown below. 
Because of the equilibrium assumption it is possible to substitute 
the expression for the sorption isotherm in place of 
(A-IO) 
dz (A-11) 
209 
After converting into dimensionless variables, the equation becomes 
[ H _AL(1- € ) CQ M. 0 'T 
which is approximated by 
1 k + kg 
N+1 
i=l 
In order to correct this analysis with the predictor-corrector 
analogue. Equation A-12 can be numerically approximated by the 
"Runge-Kutta single-step integration process". Starting with 
%,j+l - 0; i j+i = 0 and a specific , the third-order process 
calculates 
>^ = sr [ Gl,j+1 1 
\ki + Kg I 
A 2 " ^ f 
c,. i+l/2, j+1 
kl + «2 Ci+i/2,j+l 
Ci+1, j+1 • 
(A-14) 
 ^3  ^I ^ 1 + ^  ^i+1, j+1 
successively and gives the final result 
%i+l, j+1 = j+1 +6 2 + X g) (A-15) 
where V = C. (l-fe)AL 
M. T 
The process repeats itself sequentially to yield the accumulated 
quantity, of the diffusing substance sorbed in time . 
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APPMDIK B. LEAST SQUARES FIT OF THE SORPTION ISOTHERMS 
The Fortran program used in this work consisted of a main 
program for performing the least squares fit of a function having 
M unknown coefficients to N points, and a subroutine program for 
solving the system of linear equations "by the Grauss-Seidel 
iteration. Pennington's approach (77) was followed in programing 
this routine computation. Obviously, it is feasible to handle 
more terms by adding the desired number of functions, FU, in the 
main program and a corresponding number of function subprograms. 
The sym.bol NGASE is equivalent to the number of cases or lines 
which have to be fit. 
The program is shown on the following pages. 
PLEASE NOTE; 
Not original copy. Several pages 
have very small print. Filmed as 
received. 
University Microfilms, Inc. 
H 
OJ 
il. 
m 2 w m u e 
- < X z >• c«ni m ec u cf g w 
" IL eeooco 3>-zzujs;U.U.B. 
iP.x 
r X o I -• 
» w S ^  S 
» N ^   ^#w  ^ 3 
•'• •• » O O »w ^  
# » * » m ^cooo«ooooa*«»<r 
• «:<<<«fuitui xz.aE:zxs:»>^ » 
•MCOooottùTtf #li.U.tLlLlL%3Z 
i m i i i i i i i  
• N-mm # fy • » "f 
#% 
mS 
;I5 
»\ m c >r«K>» fi « 
:ll 
; |£  
m ^  tr o o ' 
c o c c o u> 
U U* U< t/1 U' 
». w KX u ^ CO aûoCou.»-? 
) o o o o o o § rs 
L> w c V w w 
N m "f W\ o N 
c o c o c n 
o o o o o o 
o o o o o o 
<A «A tA &n $A V» 
M»^ M^<^ «rfrvrg<vrsi(viSif\4rgr>^ fs.m(^ K^ fri(rtm(*'mr<k 
OOOOOOOCOOOCOOOOCOOCCCOOO 
oocoooooooooocooooooocooo 
«/) *f LO LA L ococooocoooccoooncccococc ooooocooocooooooococoooco 
II. 
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DISK RESinCNT BPS FORTRAN COMPILER VERSION ? APRIL 1966 
BEGIN'COMPILATION 
SUORODTINF CAUSOf A, N, B, FRR, XI 
SOLVING A SYSTEM 
OF 
LINEAR EQUATIONS 
BY 
0002 
0003 
0004 
0009 
0006 
0007 
OOOfl 
nno9 
0010 
oou 
0012 
0013 
0014 
0015 
001 6 
0017 
0018 0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
GAUSS-SEIOFL METHOD 
DIMENSION A(?0t20lt 8(201, CI20,2n, X(20> 
K"0 
NN • M • I 
00 it I « 1» N 
IF (A(Itl)> 12,6,12 
12 X(11 • l.O C(IiNN) - DIM / A(I,n 
00 II J * l,N U C(I,J) - A(I,J) / Ad,II 
CONTINUE 
E • 0.0 00 3 1 - l,N P • C(I.NNI 
00 2 J » UN P • P - CIr.JI • X( J» 
2 CONTINUE 
xfi) - x(n • p 
EE ABSIP) 
^ r.ONî INUE IF (F - ERR 14,4,5 4 RFTURN 
5 K • K • I 
IF (900 - K » 6, I , I 
6 RETURN 
END 
SIZF OF COMMON 00000 
OF COMPILATION GAUSO 
COMPILATION TIMP WAS 
PRnORAM 02460 
0002.38 SECONDS 
DISK RESIDENT BPS FORTRAN COMPILER VERSION 2 APRIL 1966 
BEGIN COMPILATION C 
5.0001 FUNCTION FU2(X| 
5.0002 FU2 • X 
5.0003 RETURN 
5.0004 END 
SIZE OF COMMON 00000 PROGRAM 00154 
ENO OF compilation f \J2 
COMPILATION TIME WAS 0001.10 SECONDS 
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APPENDIX C. COMPUTER PROGRAM FOR THE SIMULATION PROCESS 
Two different computer programs are presented on the 
\. 
following pages. The first is for the case where the initial 
surface concentration was taken to be one-half the steady-state 
concentration. The second is for the case where an analytical 
solution of the simple diffusion equation was used to predict 
the first few values of the concentration. A common subroutine 
subprogram titled RUMUT was included in both main programs. An 
additional subroutine subprogram named ERFC was used in the second 
program for starting the computation with an exact solution. 
For studying the effects of variable effective diffusivity, 
higher order nonlinear isotherms and variable surface concentrations, 
the main program was slightly modified to include the different 
conditions respectively. Since the changes are obvious and easy 
to make, they are not included here. 
Some of the less obvious notation which is not explained in 
the programs is listed below. 
D = normal diffusivity 
EXTWSO = experimental value of total weight sorbed at equilibrium 
DETA = /2 
H -
TL = L 
DEIWIT = initial D^  assigned 
RUWOM = lumped constant in Range-Kutta integration process 
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DDŒM = 
DTM = "X. 
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Input system constants and calculated parameters 
r 
Begin the calculation for a flour sample! 
with a certain moisture content 
Write out the initial conditions^  
(Enter to Do loop^  
Are we computing the 
approximate values for predictor? 
-Yes—> 
Are we starting to compute 
the solutions for collector? 
Start iteration process 
Set an effective diffusivity 
Set the increment of bed depth 
Use the computed value as input data 
Define the boundary values for collector 
Set a fine increment of 
dimensionless time 
Define the boundary values 
for predictor 
Calculate the HCl concentration 
in gas phase 
Begin the calculation for a certain HCl 
concentration in gas phase 
Assigned a mean value to the point of 
discontinuity 
Estimate the coefficients defined in the 
Thomas Algorithm 
(continued) 
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(continued) 
Call subroutine RUMUTI 
(End of Do loop") 
Write out the answer^  
Have we reached the end of the 
, small sorption time defined? Mo- Yes 
Have ve reached the 
equilihrium amount of sorption? •Yes 
Have we reached the maximum 
or minimum values of D defined? 
Have we computed all the 
cases of the different HCl conc. in gas 
phase at certain moisture content? 
-Yes 
Have we computed all the 
cases of the samples with different 
moisture contents? 
•Yes 
Stop 
Calculate the sorption times 
Set a coarse increment of 
dimensionless time 
Use the last computed values as input 
for new iteration process 
Use the computed values to calculate the 
HCl conc. in solid phase 
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DISK «eSIOCNr MS FORTKIN COH^IUK VERSION 9 AMIL 
10??# TENG 
AT I  ON 
/ jom 
/FTC 
SEGtN COMM 
StOOn* 
5.0007 5.0008 
si f lo iz 
s.oon 
5.001* 
$.0013 
S.OOIfr  
1.001? 
s.oots 
30 SfC. I INSTANTtNTOlJS SORPTION! 
SORPTION 
HVOROCEN CHLORIRE 
A NATHENATICAl NOOEL OfVELf lM^NT ANO SIMULATION 
THE SORPTION PROCESS 
DIMENSION MOISTIIOI» OEtlOU AOIIOI,  AI I IOl i  FLnV00|9,k) ,  
IPVOLNM.&I,  CCEOI9,* l t  F lOWTI#,6l ,  TMEMOI, 0TAUI90I* 
2CCI90*S0)* TWrSOl90i9O>( ETAMOl,  nT( lO)* NTCIIOI,  T(5DI« 
3ALPHA(«0I* BETA190I,  QEITAI13I,  3(901, 5(901, RUNQNO.fr l i  Ni l  Ml ,  
4X2f50)« yîH0t90t2tf rAUt50h TOTALtiOh C»TtfSOI9»4l .  F*7Wîa/9,4>. % V0in(9*A> 
100 FORMAT UHU 
101 FORMAT (•0*«/ / / /<9TK«tAHSORFT|ON RATE,/ / / /AiRt^HOF,/ / / / /9fc l . laHN 
IVDROCEN CHLORIDE*// / / /A*X,7HBV,/ / / / /9qx«t2HUHEAT FL0IIR,/ / / / /90%, 
230MUS0ER A VARIETY OF CONOlTfONS// / / / / / / / / I  
200 FORMAT l*0 ' ,?)K,9MWHFRE,2X,*IHFl0Vno •  RATIO OF f lOUR VOIU-F TO 
1 VOin,/3|K,24MPVOl* l  # FLOUR VOLUME,/UK,44MCS "  CM, KL 
2 PER CU. CM. IN CAS PHASE,/1IX,4WTWTS0 •  CM, HCl iORAEO P R Û 
)M. OF WET S0RRfNT,/1l«,57HCGF0 •  EOJUI^RIUM CONCFMRATION OF 
4 HCt rv GAS PHASE,/ I I* ,54HFL0J#T •  TOTAL FtQiJR WMGHT »WFT), /  
9%IK,29HT|ME •  SaaPTION T|ME,/»|* , î fcH<«0|ST •  CM. MATFR PER 
6 CM, SAMPLE,/) |X,19H0TA» •  OIMFNSIONLFSS SORPTInN Tf««e,/3l* ,  
711H0E •  EFFECTIVE OIFFUSIVITv,/U«,70iAO ETC. •  THE Cl^FF 
miCIFNTS IN THE FQUILIRRIUM ISOTHERM EQUATION U5FO,/J l* ,2 lH^COFTA 
9 .  fJfO 0EPT4,/3tK,3?HV0ID •  VOID VOLUME FRACTION» 
20t format I  3U,66HElTtfS0 •  CALCULATFO VALUE OF TOTAL WEIGHT SO 
IRREO AT EQUILIRR|UM,/43X,41HFR0M THE EQUILIMIUM ISOTHFRM e-JUATION 
2 USEO// / / / / / / I  
300 FORMAT (Fl l .3,5X,F9.S,9X,F«.T,9X,Ffr .4,9X,F6.«l  
301 FORMAT (Eta.4,9X,Et0.4t9X,F6.4l  
400 FORMAT (•0*,99X,9HH0ISTI 
401 FORMAT I«O»,99X,Fft .4/ / I  
402 FORMAT rO' ,99X,6HBEOETAI 
403 FORMAT I •0*,60*»F4,2/ /» 
404 FORMAT ( '0 ' , / / / /&IX,2H0EI 
409 FORMAT t*0 * ,9TX.E10.4/ /» 
40b FORMAT (*0*,90X,7HAO,20X,2HAtl  
407 FORMAT I*0*,46X,E10.4, l?X,EI0.4/ / / / I  
4 0 n  FORMAT « • 0 *,27X , 4 H V 0 I 0 , t lX,9HFV0LN,12X,4MCCFQ,13V,9HFL1ur, i |X,AHFX 
ITwSOl 
409 FORMAT (  *0* ,77X ,F9. 3,  10X,F9.3* lOX ,F4. 7,1 OX.Fb.4 ,11)X,F6.4/ / )  
410 FORMAT t 
S.OOM 900 FORMAT I^O*,10X,4HriNE,?OK,4NDTAU,2|X,6HCGI'OI,20X»6HCC(27t«IRX, 
19HTWTS0I 
S.0020 901 FORMAT MO*» 9X,F6,?,1&X,F10.4,1&X,F|O.M,1&X,F10.R,|AX,F&.4/ / I  
S.OOÎl  910 FORMAT (O'TXl l lH# 
1 
2 / /1  
S.002} KKK « 44 
5.0023 I I I  •  3 
5.0024 MM -  2 
S.0079 NH •  2 
5.0026 UFO •  22 
5.0027 JTtME •  42 
5.002R OETA •  0.09 
5.0079 TL •  0.40 
5.0030 AREA -  2.4092# 
5.0031 RFOVOL •  0.962 
5.0032 0 •  7.9AR 
5.0033 FLOOEN # 1.44 
5.00)4 H -  2«9 •  OETA 
5.00)9 READ 11,3001 t  I  VOiO(N,HI,  FVQIM|M,NI,  CSEOIM.NI,  Finr iT|M,NI,  
1CRTW50<M,N», N •  I ,  NN I ,  N •  I ,  MH I  
S.001& RFAO <t . )On I  A0(M|,AI |M|,W01ST(M|,<* .  1, ^M I  
5.0057 WRITE 0,1001 
5.003m WRITE (3,1011 
5,00)9 WRITE ( ) .200l  
5.0040 WHITE (3,20U 5.0041 nn 70 I • 2, iRfO 
5.0042 20 ETAtn -  I  1 •  2.0 I  •  OETA 
5.0943 ( I  EOF TA •  Tl  •  ETAf MEOI 
5.0044 I  M •  1 
5.0049 30 WRITE (3,4001 
5.0046 WRITE 0,401* MOISTIMI 
5,0147 WRITE (3.4021 
S.OO*R WRITE 13,4031 «E06TA 
5.0049 WRITF (3,4051 
5.009n WRITE ( ) ,407) AO(M|,  AI IN) 
5.0041 2 N .  1 
5.0092 40 WRITE (3,4101 
5.005) WfTF (3,40f l l  
5.0(194 EXTW50(H,NI •  I  EPTWSO|H,NI •  FV01N|H,NI •  RFOVOl |  /  FL'>WT(M,Nt 
5.0nS9 RUHn>t(1,N) •  H •  Tl  •  FVOLM|H,NI •  ARC* 
5.nOf4 FlOVOO(M,NI •  FV01H|H,NI /  vniO(M,N) 
5,0097 WRITE 0,409» VOIO(M,N», FVPLM|M,NI,  RCE3(M,NI,  FLOWTIH,N», 
lE«TW50(n,N) 
5.009m W<ME 0,4101 
5.0099 Of iNIT "0*1 1.0 •  FV01N(M,NI I  
5.0040 3 1-1 
5.0041 90 OT •  0.079 
s.oPAZ OF(i i  •  oErNrr •> f  i  - t.o i  •  0.9 
5.0043 OOTAU •  t OEI l l  •  OT I  /  ( Tl  • •  2.0 I  
S.0064 RTIHI •  I  7.0 •  ( OETA 2.0 I  » /  OOTAU 
5.0049 «TCCI •  FTIM* /  2.0 
5.0044 WRITF 0,404» 
5.0047 WRITF (3.4091 OF(L|  
5.004J» WKITF I ) ,9001 
5.0049 WRITE 0,910» 
5.0070 Tl«<f i2)  •  0.0 
5.0071 CG(7,Z: •  0.0 
5.007? 0TAUI2* •  0.0 
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t«0OT5 S.0A74 cefiteotf» • 0,0 TWTSOI2t2l • 0.0 UKITC I3i90ll riNEIZIi 0TAUI2)t CCI?i2)» CGMAFl,?), 
ASSIGNED A MEAN VALUE* ONE HALF OF THE CAS »>4ASf COhCENTtATtON, TO THC POINT Of DISCONTINUITY,(0,01 
5*0f)TA S.OOTT S.OOTI 
CCI?,;* • cccoiM.N) t f.o 00 loot) 1 • J« MFO 1000 CCt!»2l • 0.0 
START TO SOLVE A MATRIX MITH A TRIOIASONAL OF THE CRANK-NICOLSIN MOCEmiRf ON A NON-LINFAI PARTIAL OlfFFRFNTIAL EOUATtON HF PARABOLIC TYPE AY THE THQNAS ALGORITHM 
S.0QT4 KK • 1 S.OOftO Till • 0 S.OONl TAUlU • 0 S.OOS2 *0 on nooo J > 2» jtime* 2 S«00fl3 CC<2* J«l) • CCFOIM,N) 
s.ooM Yj* 
s.ooms PT » BTIN» S.OOnft IL • I 
s.oom? on 7000 1 • ;$ iaeo 
s.ooQR xitn • ccdtji S.OOA^  2000 R7(n • CCdtJI S.0090 2001 00 300^ I « I* IREO S.004I TOTALCIt • PT • < t.O » I t flOVODM.NI • AOINI I / I t AfllHI lAttH) • t i t  1} I •• 2*0 I I I S.0092 AlPHAffl • 2.0 • I l.O • fOrALIfl i  S.OOIS BETAdl > 2.0 • (1.0 • TOTAL (11 I S.0094 IF ( I • S I 3001, 1001, 3002 S.OOO) 3001 OCLTAd» » -lll(l*l) • ( fiETAlll « XU1) 1 - XKI-ll - Yl S.0096 Q{t> • 1.0 / ( -ALPHAItl I S.0007 0(1* " DELTAdI / ( -ALPHA! U * S.OOfl CO TO 3009 S.0049 3002 IF ( I - 18(0 I 3003, 3004, 3004 5.0100 3003 OELTAd» • -Xl(t»t> • I BETAdl • XKII I - Xld-ll 5.0101 Od) • UO / ( -ALPHAd) - Od-t! » S.0t02 Cd* • ( OELTAd) • Gd-U I / t -ALPHIIIt - Od-U I 5.0103 GO TO 3009 5.0104 3004 OCLTAdI • BETAIM • XIII) - ( 2.0 # Xld-ll t 5.0109 Cdl > I OELTAd) • I 2.0 • Sd-1) ) I / ( -ALPHA! |) - I 2.1 lOII-l) I ) S.OIOft 3009 CONTINUE S.OIOT vENOdAEO.lL) . GdBED) 
s.oiom dMO#A • inen • 3 5.0109 no 3OO& I • I, ITHONA 5.0110 11 • IRfO - I 5.0111 3006 VENOdULL) > Cdl) - I Old) # VENndl»l,LLI ) 5.0112 IF (LL-l) AOOI, 4001, 9001 S.nil) 4001 00 400? I • 3» inpo S.0I14 4002 CCII*J*I) - YCNOd.LLt 5.0119 9001 LL • LL • t S.01I6 IF ( LL - 2 I 9002, 9002» 9004 
S.OIIT 9002 CGI7,J*2I • rCEOIN.N) S.OllK VI# CG(2,J*2I 5.0119 PT • OTCd*) 5.0120 nn 9003 l • 2, l*FO S.0t2l 9001 y^ M) • CGIf,J»n 9.0122 CO TO 2001 5.0123 9004 00 9009 I • 3, IREO S.0174 9009 CCd,J*2) • YENOd,Ll-tl S.Ot29 TWTS0(2,J*2) • 0.0 5.0126 00 RflOO I • 2, IBEO, ? 5.0127 CALL RUNKUTI CC(t,J*2), CG(I»I,J*2), 1RUN0'<I<«.NI* AOIH), Al(N), FLOMTIN.N), S.012A @000 CONKNUF 5.0129 on 9004 JJ • 2», JT|MÇ, 16 5.0130 TIMfUJ) • ( JJ / 2.0 - 1 ) • OT • TUK) S.Oni OTAU(JJ) • ( JJ / 2.0 - I ) • OOTtU « TAUIKK) S.0132 9004 WRITF I 3,901) TI1EI jJ), OTAUtJJ), CCd"FO->,Jj), CCd AFI, J J ) , ITwrSOdRFO.JJ) 
5.0133 00 mo I # 2, lAFO 5.0114 mo CGd,2) • ccd,jriNE) 5.0)39 XK -KK 1 5.Q13A IF ( KX - 9 I 90, 4, 90 5.013? 4 DT • 0.29 S.OIM OOTAU • ( OEILI • DT ) / ( TL •• 2.0 ) 5.0119 RT(M| • ( 2.0 • ( OETA •• 2.0 )) / OOTAU 5.0140 nrciMi . nT(M) / 5.0141 90 TfKK» • TlHfljTfXF) 5.0142 TAUUXI • OTAUtJTIHE) S.0I41 92 IF ( TwTSPdWEO.JTÎMC) - FXTWSnC.N) ) A. m 9.0)44 A IF ( XX - KKK I 60. 7, 7 9.0149 T L • L • 1 9.0146 IF I L - ILL ) 90, 90. » 9.0(47 m W . N » 1 S.0I4R WRITE < 3«)nO| 5.0)49 IF ( N - HN I 40, 40, 9 5.0190 9 M • M • 1 9.019) WRITF I J,)00) 9.'>»42 IF ( # - "M , 10, 10, 10003 9.0)91 10000 STOP 5.0)94 rno SdE OF C0>«HON oooon PtinSPAM 0^447 (NO OP COMPILATION MAIN CnwPlLATIflM TIME WAS Q04R.7II 9fC0VOS 
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DISK NesiDfNr an fo«ruN (owi ie* VEVsiof t  t  AMII  I«44 
/ire 
RECtN COMPILAT ION 
nous IMPTIONI 
NTOKOGCN CHLORfOe 
A NATHCNATICAI.  MODEL WVEIOPNENT AND StMIAATION 
THg SMPTinN MOCfSt 
91NCNSI0N WOltTI IOI* OEIIOI* AOIIOI,  AI I IOI* MOVOOM.&I,  
i ;V0tNI*,6l ,  eCPOI9»*l i  FIOWTI*,»*,  TINEt lOOK OTAUIiaO)* 
?CCI?»«lOPIt  TWTSOIZI. lOO», ETAI79I,  BTt in»,  ATCdOW *119». *1101# 
ITCRfCl lOl t  VERFCdOlt  T(MI,  TAl i l t6)*  TOTALOOI* 
4A{.PH4<30I« f lCMUON OEITAHO», OOO), CMO). 
1X2(301, YENOI)0,2l f  EPTWS0|4,6),  EXTMS0I9.&I* V0I0(4,6) 
* .000* 100 fOPMAT f lHl l  
S.OOOJ lOl  FORMAT rO' , / / / / /»M#l*HMRPTION IIATE./ / / / /4*X»2HaF./ /^/ /*AX, |*HH 
IvnROCFN CHtOKIOE«// / / /A4X,?HHV,/ / / / /94X, l2HUHEAT FKXiR,/ / / / / lOX* 
250HUS0ER A VARIETY OF CONOITIOSS/^/ / / / /^ / /» 
S.0004 100 FORMAT I•0*.71X.6HWHfne.2X,4lHFl0V00 •  RATIO OF FLOUR vniUWF TO 
1 VOIO«/3tX*2*HfVQLM •  FLOUR VOLUME,/) |X,44HCC •  CM. HCL 
2 FEN CU. CM. IN CAS FHASE«/MX,A«HTMTSn -  CM. MCI SORMFH A 
3M. OF WET S0RBENr,/1 |X,97HCCFQ •  CQUILMRIU** COHCFNTQATir tN OF 
« HCL IK CAS FHASE*/SIX,^hHFLOWT "  TOTAL FLOU» WFICHf (WFTtt /  
Sl IX. fSHTIME « SO«(PTION TI  MF,/31 X,16HM0I S? •  C.  WATER F# 
6 CM. SAMfte, /3 lX,19H0TAU -  0|NCNSrQSt. f ;^S SORPTION TI-F . / I IR. 
T31MDE .  EfPFCTIVf DIFFUMVI TV./31 K. fOHAO ETC. •  THE COFPF 
miClfSTS IN THE EQl l l t tRRIUH ISOHfRH FOUATtON USff>, /3 l<,?lHnÇnfTA 
q •  9C0 O£PTM , /3tX»32HV0in •  VOID VOLUME FRACTtONI 
S.OOA9 201 FORMAT (  3IX,6AHeXTWS0 •  CALCULATFO VALDF OP TOTAt WEICHT SO 
IRHCO AT EOU:LI8R!UM,/41X,43HFROM THF EOUUiniHH nOTHFRM FQUATION 
2 usen// / / / / / /*  
S.OOO* 100 FORMAT IFl t .3»9X*F9.3*9X«F9.7t4X»F6.4«5XtF6.4) 
S.0007 301'FORMAT ie:0,4,5X,FI0.4,»K,F&.4|  
S.oooe 400 FORMAT (•0*,99X*9HnOIST) 
5.0009 401 FORMAT (*0*,S9X,F&,4/ / I  
5.0010 402 FORMAT (*0*,99X,6H9E0ETA) 
S.OOIt  403 FORMAT (*0*,40X.F4.7/ /> 
5.0012 404 FORMAT (*0*«/ / / /&IX•2H0FI 
S.0P15 40S FORMAT l *n«,5TX,ElO,4/ /> 
S.0014 40& FORMAT t • f l * ,^0X,2HA0.ZOX.2HA|I  
S.OOI9 407 FORMAT I •0*.46X,EtO.4«I?X,€10.4/ / / / I  
S.00t6 40m FORMAT I  «O* •27X ,4HV0(0t 11X* 9HFV0LN« 12X» 4HCr.CQi 1 3X •  SHFLnWT ,  11X •  6HF X 
ITMSPI 
S.nOlT 409 FORMAT («0*,27«.F4.3.10X,F4.3, lOX.FQ.7,1 OX,F6.4, IOX,F«,4/ /1 
5.0011 410 FORMAT | ,0, ,17X,9•••••••••••••••••••••••••••  
S.0027 
S.0024 
5.0029 
5.0030 
5.0031 
S.0f tJ2 
400 FORNAT l*O*,10X,4MT|#E,20X,44OTAU,2lX,4HCG(yOI,20X,6HCG«?2l, lRX, 
I fHlWTSO» 
501 FORMAT 1*0*,  9X,F6.2. t6X.EI0.4*|4X,F|0.4,UX«f 10.R,16X.FA.4/ / I  
410 FORMAT (*0*,rXt i l lH*********************************************** 
2//» 
600 PORWAT t«0*, / /4|X» 50HFR0M T4E fXACT SOLUTION FOR A SMALL VAIMT OF 
1 TI«F, /  41X, 7THAT TMF SECOND HORIMNTAL CRM LINf HON THF SJR A 
7f£ ANO AT THE BOTTOM OF «CO, /41X, 22HAT TIME .  0.00001 NtN./ / / /» 
401 FORMAT (•0>./ /4|X» 4RHftr  THE MFHTO») OF FINITE OIPfRFNCE APPRHXMAT 
II0S,,/41K, 49HTHF CAS PHASE CONCENTR*TIOS AT THF ROTTOM flF MfO,,/, 
24IX, 40MAN0 THE TOTAL SURAATE SORREO BV S09RFNT./ / / / t  
KKK • 44 
ILL • 3 
MM » 2 
OFTA •  0.05 
AREA •*2.40529 
ncnvOL " 0.962 
FLOPfN » 1.44 
H • 7.0 • OFTA 
RFAO 11.3001 I  I  VOmiM.NI,  FVOLM(N,NI,  CCEOIM.NI,  FLOWTIM.N).  
IFPrwSO(M .N).  N •  1,  NN l« M •  U MM I  
REAO 11,3011 < A0(Mt ,At(M|,wniST(MI,<1 .  1, M» I  
WRITF f l . lOOI 
WRITE 11,1011 
W#|TF I  5.700» 
WRITF (3,7011 
on 71 I  • 2. imEO 
JO fTAdl •  I  I  - 7.0 » •  OFTA 
RFOETA •  TL •  FTAHBEO» 
I M . » 
in WRITF (3,4101 
WRItÇ (3,4011 UOIST(M| 
WRITE (3,4021 
WRITF * 3,401* 5F1FTA 
W"|TF (3,40#.» 
WRItr  (1,4AT| 4n(MI.  AI(M) 
40 wafTF (3,410) 
WRITF (),40R| 
rxTWSO(M,NI . I FFTWSniM.Nt • FVOLM|m,N) # MFQVOL I / FL3WT(M,S| RUtPMd.N) • H • TL • FVniM(M,NI • ARFA 
riovnnc.N) . FvniM(M,si / VOIO(m,N) 
WRITF (3,409) VOIO(H,MI,  FVOlM|M,NI,  CCFOINt^O. FLOMTIM.N) ,  iF*Twsn(N,hj 
W»|TF (1,410) 
nflNIT •  0 •  (  1.0 -  FVOLM(M,S) I 
W OT # O.025 
OEIl)  •  OCINIT -  (  L -  1.0 )  •  0.4 
OOfiU •  (  OFtL» •  OT )  /  I  Tt • •  7.0 I  
HI")  •  ( 2.0 •  ( HETA • •  7.0 » )  /  onTAU 
RTC(M) .  KT(M) /  2.0 
WRITF (3,404) 
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s.oon s.oof? 
S.OOT) 
WaiTC OCILI U«|TF (3,5001 W«ITF 
riHEtZt " 0,0 DTâUt?! • 0,fl 
cr.n»?> •  0,0 
cr.( i9Et)i?> • 0,0 TMTSOeî.2» • 0,0 
Wfl lTE «3,5011 r |ME(2l ,  nriUI}», CCI2.2I* CC(tSF0«7l, TUT^ nC2.2l 
ASSUME NfCLlGiSie PfftCf AT V€*V SK*it TIKE 
$.0079 
s.noT9 I / I TL •• i»0 » 
1.0 I » ETAIMI I / 4 ?»0 • 
CC(2»4I > CCEQiNiN) 0TAUI4I • I DEI I* • O.OOOOt 
on tool I • 3* IREO !l • ?* - I 
on looo K - l« 4 
«(Xl - I I 7,0 • I K • 1.0 t 1S0*T f DT4Uf4) ) J CALL F«EC(KIK)« lERfCtKM 
v«i - r ( 2.(1 « f K - t.o ) « t.a r • erA(ff» »/(?.»• |SO«r ( OTAU»*» » » CAll EKPCtTtKI. YEXfCIKtl lOPO TCKFCIKI • XEUfClKl » TERFCO 1001 CGtt* 4* . I TERFCMt - rER^ Cf?» * TEMCOt - TFKFCI4I t • XCCFOtM.N» 
rwrsn<?«4) • o.o 00 100? I • 2* MEO« 2 CAll ttUNKUri CCt},4l* CCfMl*4)« CCirO*4l( rwTSntl*4), 
*inwTm,S». TMTS0H»7*4t » 
Till • 0,00001 T|MF<4I " 0.00001 WHITE I),6001 WHITE 13,5011 T|t(f|4|, WRITE (3,501) T|MEt4|, 00 1001 1 » 2« ffiEO 100) C0(t,2l " CC (1,41 WOITF 0,6011 
0TAUI4U CCt4.4l, rWTSn(4,4) 
•)r«ut4|, cs(tnFo«4), rwrso(iflED*4i 
START TO SOLVE A WATRIK KITH A fRIOIACONAL OF THE CRANt-NICOlSHS PftOCEOOBE ON A N0W-LI4EA» PARTIAL OIFPC^ ENTIAI ÇOUATiON RARAROLIC TYRE R* THF THOMAS ALGORITHM 
0102 RK • 1 0103 Till - 0 0104 on FOOO J • 2» JTIME, 0105 CCI2, j*M • CCEOtH.NI 01"» VI- CC(2,J*1> 0107 OlOl* 010« nn 7000 1 • 2, iRFo OtlO • 1(1) • cr.ii»ji 0111 *2(11 • CCII.Jt 
(THE REMAINING PROGRAME IS SAME AS WE PART AFTER THE STATEMENT NUMBER S.008 IN THE FIRST MAIN PROGRAM INCLUDING SUBROUTINE RUNKUT 
OltK RESIOFNT MRS FORTRAN COMMUER VERSION 7 ARR|l |4A6 
REGIS Cn*#llAT|ON S.OOOl SURROUTINC ERFCl U, UERFC I C C AN ARPROIIHtriON 
c C FOR 
C THE ERROR FUNr.TinHS C $.0002 »l • 3.1416 S.0m03 IF ( U • l.O t to, 10. II S.0004 10 UERFC • 1.0 • I 2,0 / SORT (»n ) • I U • I <1 •• 3 / < ) • I il •• 1» / 10 I - I U •• 7 / 42 » » 5.0009 GO TO 14 5.0006 II IF I U • 13.0 I 17, 17* 13 5.0007 17 UERFC « I 1.0/1 SORT (Rtl • CMR I t| •• 7.0 t I I • < ( 1.0 / l> » I •> < l.O / ( 7.0 .• ( U •• 3 I I I » I 1.0 / ( 4 • I I) % I I I 1- I 15.0 /IRR(UR«T|>tl S.OOOR cn TO 14 S.0004 n UERFC • 0.0 5.0010 14 RETURN 5.0011 FSO SHE OF rOMNQH 00000 FROCRAX 00*34 ENO OF CONRILATfON f«FC COMRIIATION TIME WAS 0001,24 SPCONftS 
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APPENDIX D. COMPUTER INPUT DATA 
HCl conc. at 
Moisture Content surface of bed Wet flour wei^ t Void fraction 
On. HgO (Sn. 
Càn. dry flour cm^  dimensionless 
0.2379 0.0000348 0.5640 0.558 
" 0.0000267 0.5880 0.540 
" 0.0000217 0.6040 0.527 
" 0.0000156 0.5530 0.567 
0.0000100 0.5660 0.557 
" 0.0000067 0.6150 0.509 
0.2118 0.0000348 0.5680 0.558 
" 0.0000267 0.5880 0.543 
0.0000217 0.5480 0.574 
0.0000156 0.5530 0.570 
" 0.0000100 0.6090 0.526 
" 0.0000067 0.6010 0.526 
0.1980 0.0000348 0.6240 0.517 
" 0.0000267 0.5980 0.537 
0.0000217 0.6130 0.525 
" 0.0000156 0.6010 0.535 
" 0.0000100 0.5970 0.538 
" 0.0000067 0.6795 0.467 
0.1653 0.0000348 0.5740 0.560 
0.0000267 0.6150 0.528 
0.0000217 0.6240 0.521 
" 0.0000156 0.6250 0.521 
" 0.0000100 0.5680 0.512 
" 0.0000067 0.5900 0.548 
0.1298 0.0000348 0.6240 0.563 
" 0.0000267 0.5970 0.547 
" 0.0000217 0.5890 0.553 
" 0.0000156 0.6220 0.528 
" 0.0000100 0.6050 0.541 
" 0.0000067 0.6000 0.542 
0.0953 0.0000348 0.5950 0.554 
" 0.0000267 0.5870 0.560 
" 0.0000217 0.5650 0.576 
" 0.0000156 0.6060 0.546 
" 0.0000100 0.5750 0.569 
" 0.0000067 0.6140 0.538 
HCl conc. at 
Moisture Content surface of bed Wet flour wei^ t Void fraction 
&n. HgO Gffl. 
Qn. dry flour cm^  dimensionless 
,0679 0.0000348 0.6380 0.526 
ri 0.0000267 0.6790 0.495 
tt 0.0000217 0.5990 0.555 
fi 0.0000156 0.6400 0.524 
tt 0.0000100 0.6210 0.538 
t t  0.0000067 0.6300 0.532 
,0334 0.0000348 0.6340 0.536 
t t  0.0000267 0.5920 0.567 
t f  0.0000217 0.6095 0.554 
I t  0.0000156 0.5840 0.572 
I t  0.0000100 0.5895 0.568 
t t  0.0000067 0.5980 0.562 
0071 0.0000348 0.6050 0.562 ff 0.0000267 0.6010 0.565 
f t  0.0000217 0.5970 0.568 
t t  0.0000156 0.6230 0.549 
t r  0.0000100 0.5920 0.571 
t t  0.0000067 0.6360 0.539 
